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SYNOPSIS 
In =llaboration with Edgar Allen T=ls, Sheffield, a detailed study 
has been made of the effect of various process parameters on titanium 
nitride (TiN) coatings chemically vapour deposited on powder 
metallurgy (FM) BT42 grade high speed steel (HSS) indexable cutting 
tool inserts. 
Initially, the characteristics of a TiN coating chemically vapour 
deposited on the HSS inserts in the Plansee reactor at Edgar Allen 
T=ls, under the standard conditions employed by them, were determined 
in order to provide a logical starting point for the present study. 
This was clone using various techniques: X-ray diffraction, Auger 
electron spectros=py, optical mi=s=py, fractography, scannin;;J 
electron mi=scopy, profilcmeti:y, mi=t1ardness testing and scratch-
adhesion testing. Whilst sane of the characteristics of this TiN 
coating were found to be comparable to those of similar coatings 
presented in the literature, there was clearly soope for improvement. 
With reference to a comprehensive survey of previous work on the 
effect of process parameters on chemically vapour deposited TiN 
=atings, three parameters were selected for investigation in the 
present work: N2/TiC14 mole ratio, deposition temperature and total 
flow rate. A study of the effect of these three process parameters on 
the characteristics of TiN =atings chemically vapour deposited on the 
HSS inserts revealed that they had a sizeable influence on the 
thickness, grain size and microhardness of the TiN coatings. The 
reasons for this are discussed. 
- - --- - --------------------------, 
The effect of these three TiN coating characteristics an the tcol life 
and tcol wear of TiN coated FM HSS inserts was then investigated using 
two types of tu=ing tests, carried out on 817M40 alloy steel 
..orkpiece material under condi tians of built-up edge ( bue) fo:r:matian 
at cutting speeds in the range 47.5-57.5 m min-1 . Fran these tests it 
was established that both TiN coating grain size and thickness, 
particularly the latter, had a significant effect on the cutting 
perfo:r:mance of the coated inserts, whilst the microhardness of the TiN 
coatings, sw:prisingly, was found to have little effect. The reasons 
for this are discussed in relation to the role of the TiN coating 
during cutting as determined fran metallographic sections through worn 
coated inserts. 
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CHAPTER 1 
INTRODUCTION 
--------------------------------------, 
1.0 INTROOOCTION 
Industrial demand for cutting tools which are more reliable, more wear 
resistant and able to operate at higher cutting speeds has =tinued 
to lead to the developnent of in'proved cutting tool materials. One of 
the most significant developnents in the last two decades has been the 
advent of chemically vapour deposited hard material coatings on 
cutting tools. Cemented carbide i.ndexable cutting tool inserts coated 
with a thin layer of hard material by chemical vapour deposition ( C\ID) 
were first made available cc:mnercially in 1969 with a titanium carbide 
(TiC) ooating(l). Since then other coatings have been developed, such 
as titanium nitride (TiN), aluminium oxide and hafnium nitride, 
particularly in multilayer forms. The C\ID process primarily involves 
the introduction of gaseous reactants into a chamber heated to around 
1000°C, in which the substrates to be coated are accarm:xlated on a 
number of levels. The reaction under controlled conditions gives rise 
to the formation of a solid deposit on the substrata surfaces. Since 
their introduction onto the market CVD coated cemented carbide 
indexable inserts have increased in importance to the extent that they 
are now said to represent approximately 60% of all carbide cutting 
edges in use< 2 ). The two major advantages which arise fran their use, 
and aooount for their in'portance, are an increase in tool life and the 
possibility of using increased cutting speeds, relative to uncoated 
inserts< 3 ) . 
"~ 
The extension of the C\ID process to similarly coat high speed steel 7-
~ 
(HSS) cutting tools, despite the interest it has aroused amongst tool 
suppliers and users, is a more recent developnent, having been held 
back by difficulties associated with the high deposition temperatures 
("' 1000°C) involved. Because these exceed the tempering temperature 
1 
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range of HSS, but are below their austenising temperatures, HSS tools 
must be hardened and tempered after coating, which can lead to 
dimensional and shape changes of the tools. It has been suggested that 
this makes the CVD process impractical for coating HSS cutting 
tools< 4 • 5 ) . As a result lower temperature ( <SO<Pc) physical vapour 
deposition (PVD) processes(6) have been developed. Despite such 
suggestions, CVD hard material ooatings have ro..t been successfully 
applied to a range of HSS cutting tools and found to produce 
substantial, and in sane cases dramatic improvements in their cutting 
performance(7,S). This range includes drills and taps (7), and tools 
for facing, parting, grooving and form tuJ:ning(8). 
The extension of the CVD process to HSS cutting tools has been greatly 
facilitated by the develO];Xlle11t of powder metallurgy (FM) high speed 
steels, which, as a result of their more uniform metallurgical 
structure, are much less susceptible to distortion during the 
obligatory post-coating heat treatment than conventional cast and 
wrought steels(9,lO). The patented direct canpaction and sintering FM 
route< ll), in which HSS parts are sintered to shape, is of partiCUlar 
significance since it has facilitated the economic commercial 
production of inde.xable HSS cutting tool inserts< 12l. The potential of 
such inserts to replace certain forms of conventional, solid HSS tools 
has long been recognised but hitherto never realised because of the 
prohibitive costs of production fran wrought HSS bar. Such is their 
importance, that in a survey of users, producers and researchers of 
cutting too1s(l3) it was suggested that by the 1990's, 50% of all 
cutting suitable for HSS tooling will be carried out using directly 
pressed and sintered indexable HSS inserts. Furthenrore, unlike solid 
HSS tools, they do not require regrinding and hence are ideal for 
coating. The application of chemically vapour deposited hard material 
2 
coatings to these inserts has, in fact, already been shown to 
considerably enhance their existing potential ( 14 ), and coated FM HSS 
indexable inserts have been successfully introduced onto the market by 
Edgar Allen Tools of Sheffield(l5). 
A programne of oollaborative research between Eclgar Allen Teals and 
Loughborough University of Technology was established in 1981 with the 
purpose of investigating and developing the application of CVD hard 
material coatings to their FM HSS cutting tool inserts. The first 
phase of this programme was concerned primarily with a detailed 
investigation of FM BT42 grade HSS indexable cutting tool inserts 
coated with TiN by CVD in the low pressure Bernex production reactor 
at Edgar Allen Tools(l6). During the course of this work Whittle 
developed a procedure for completely characterising the TiN ocatings 
with regard to crystal structure, chemical compcsition, thickness, 
bulk and surface grain structure, surface roughness, microhardness and 
adhesion to the HSS substrata. This procedure involves the use of 
various techniques including X-ray diffraction, Auger electron 
spectrosoopy (AES), high magnification optical mi=soopy, scanning 
electron mi=soopy (SEM), fractography, profilcmet:ry, microhardness 
testing and scratch-adhesion testing. With the exception of the latter 
technique it was applied to TiN coatings on the HSS inserts both 
before and after the obligatcry HSS substrata heat treatment. Whittle 
also investigated the effect of the fully characterised CVD TiN 
coating on the cutting properties of the FM HSS inserts in a series of 
turning tests. The results of these tests showed that the application 
of the TiN coating led to significant improvements in the cutting 
properties of the HSS inserts. 
3 
Following on fron this, the second phase of the research progranrne, 
which began in October 1982, was concemed with the application of a 
chemically vapour deposited titanium carbide (TiC) coating to the PM 
HSS inserts(l7). It was anticipated that rrore difficulty might be 
encountered in chemically vapour depositing this coating than the TiN 
coating previously investigated, and, that as a result, it might be 
necessary to vary the CVD process parameters in order to obtain an 
acceptable coating. Since the ablospheric pressure Plansee CVD reactor 
at Edgar Allen Tcols was more accessible to the variation of these 
process parameters than the Bemex reactor, it was decided that the 
fonner would be used to deposit the TiC coatings. This decision proved 
to be instrumental in facilitating the subsequent successful 
investigation of the effect of process parameters on the CVD of TiC 
coatings on to the PM HSS inserts. It was established from this 
investigation, and a subsequent investigation<18 l, that the CH4/TiC14 
rrole ratio, deposition temperature and deposition time used during the 
CVD of the TiC coatings had a marked effect not only on the 
characteristics of the coatings but also an the tool lives exhibited 
by the TiC coated PM HSS inserts. 
As a consequence of the above, and since TiN is the coating currently 
most widely applied to HSS cutting tools< 19 l, it was decided that the 
next phase of the collaborative research progranrne between Edgar Allen 
Tools and Loughborough University of Technology sln.tld be concerned 
with a similar study of the effect of process parameters on TiN 
coatings chemically vapour deposited on the PM HSS inserts, again 
utilising the Plansee CVD reactor at Edgar Allen T=ls. The purpose of 
this work, which forms the major subject matter of this thesis was two 
fold: to determine the effect of CVD process parameters on the 
characteristics of the CVD TiN coatings and subsequently to determine 
the effect of TiN coating characteristics on the cutting performance 
of the CVD TiN coated PM HSS inserts. 
4 
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CHAPTER 2 
CHARACTERISATION AND CHARACTERISTICS OF CVD TiN 
COATINGS AND THE EFFECT OF PROCESS PARAMETERS ON 
THE CHARACTERISTICS OF CVD TiN COATINGS -
PREVIOUS WORK 
2. 0 O!ARACTEIUSATION AND CE\RACTERISTICS OF CllD Tm CD!!.TINGS AND THE 
El'Hl..'T OF PROCESS PARAMETERS ON THE CH!IRACTERISTICS OF CVD TiN 
CD!!.TINGS - PREiliOOS OORK 
As des=ibed in the Introduction, in order to facilitate the present 
=rH: on CIID TiN coatings, it was decided to change frcm the low 
pressure Bernex CIID reactor at Edgar Allen Tools used by Whittle< 16), 
to the abrospheric pressure Plansee CIID reactor. Consequently, it was 
further decided to begin the present work by carrying out a 
preliminary characterisation of TiN coatings chemically vapour 
deposited on the PM HSS inserts in the Plansee CIID reactor at Edgar 
Allen Tools under the standard deposition conditions employed by them, 
utilising the characterisation procedure devised by Whittle. The 
results obtained fron this characterisation were then to be canpared 
to those previously obtained for CIID TiN coatings, both by Whittle and 
other investigators, in order to provide a logical starting point for 
the study of the effect of CIID process parameters. To facilitate this 
canparison, a survey of previous work on the characterisation and 
characteristics of CIID TiN coatings was first undertaken. This was 
followed by a survey of previous work on the effect of various process 
parameters on the characteristics of CIID TiN coatings. The details of 
these two surveys are presented in the first and second parts of this 
chapter respectively. 
2.1 Characterisation and Characteristics of CVD TiN Coatings -
Previous Worl< 
As previously mentioned, this part of the chapter is ooncerned with 
the characterisation and characteristics of chemically vapour 
deposited TiN coatings reported in previous investigations, including 
5 
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that carried out by Whittle< 16 l. An extensive survey of the literature 
revealed that little work has previously been published on TiN 
coatings chemically vapour deposited on HSS cutting tools, the vast 
majority of previous investigations, not surprisingly, having involved 
cemented carbide inSerts. The results of the latter are nevertheless 
still of considerable interest for the puiiXJses of canparison and are, 
therefore, included. 
It should be noted that in all the investigations cited in this first 
part of the chapter the TiN coatings were chemically vapour deposited 
using the standard reaction of titanium tetrachloride with nitrogen 
and hydrogen as shown below: 
2 TiC14 (g) + N2 (g) + 4 Hz (g) + 2 TiN (s) + 8 HCl (g) 
2.1.1 x-ray diffraction 
In his work on chemically vapour deposited TiN coatings, Whittle(16) 
used X-ray diffraction to determine the preferred =ientatian and 
lattice parameter of the coatings. This technique has previously been 
employed by other workers to determine the prefe=ed orienta-
tion(l9-30) and lattice parameter< 19•20•26 ,31-33) of CVD TiN coatings. 
N:>nnally a copper target was used, with either a nickel filter< 20 l = 
a crystal nonochranator06 ) employed to ensure that only a -radiation 
was present at the detector. Unfortunately only three of the 
investigations ci tect< 16 • 19 • 27 ) refer to TiN coatings chemically vapour 
deposited on steel substrates, the remainder being concerned with TiN 
coatings chemically vapour deposited on cemented carbide and TiC pre-
coated cemented carbide substrates. 
6 
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Preferred orientations were obtained in rrost cases by canparing the 
relative intensities of the reflections fran the ooatings to those 
quoted in the AS'IM p:JWder file for the relevant randanly oriented 
p:JWder. It must be emphasised, hc:Mever, that it was by I'X) means clear, 
in absolute terms, exactly how this comparison was made in most 
instances. Texture coefficients were used by Kiln and Olun(Z5) in their 
investigation of the preferred orientation of T:iN coatings chemically 
vapour deposited on TiC pre-ooated cemented carbide substrates. The 
best method in the opinion of the autl-or, hc:Mever, was that used by 
Whittle who detel:mined preferred orientation for the T:iN coatings in 
his w:>rk, by canparing the reflections fran the ooatings to those fran 
a randanly oriented T:iN p:JWder sample. A similar method had also been 
employed earlier by Dearnley and Trent(23), who obtained preferred 
orientations for T:iN ooatings chemically vapour deposited on cemented 
carbide substrates pre-ooated with TiC, by canparing the reflections 
fran the ooatings to those fran a randanly oriented sample of the same 
material; the exact nature of which (i.e. powder or solid) was 
unfortunately not specified. 
For TiN ooatings chemically vapour deposited on FM BT42 grade HSS 
substrates, Whittle(lG) observed scrne preferred orientation in the TiN 
coating on both rake and flank faces of the as-coated inserts. On the 
rake face, the coating gave {200} reflections nearly twice as intense 
and {220} reflections almost 1.5 times as intense as those fran the 
randcmly oriented TiN powder. Similar results were obtained for the 
TiN coating on the flank face of the as-coated inserts, but the 
reflections fran the {200} and {220} planes, particularly the latter, 
were not quite as intense. Whittle observed no significant difference 
in the type and degree of preferred orientation in the T:iN coatings 
after the obligatory HSS substrata heat treatment. 
7 
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For TiN coatings chemically vapour deposited on 0.6-0.7%C steel 
substrates, Takahashi and It oh ( 19 l observed strong preferred 
orientation of the {220} planes. Similarly, TiN coatings chemically 
vapour deposited on cemented carbide substrates have also been found 
to exhibit preferred orientation of the {220} planes, although at low 
deposition temperatures (9cx:PC) preferred orientation of the {111} 
planes has been found to predan:inate ( 21 ). TiN coatings deposited by 
CVD on cemented carbide substrates pre-coated with TiC have also been 
found to exhibit preferred orientation on the {220} planes(23,25,28), 
although preferred orientation of the {1J.l}(20,22,24,26) and {200}(25) 
planes has also been reported. 
With regard to lattice parameters, in his work Whittle(l6) obtained 
d 0 
average lattice parameter values of 4.2444 A and 4.2411 A for the TiN 
coating on the rake and flank faces respectively of his as-coated FM 
HSS inserts; these values being significantly higher than that of 
0 
4.2337 A obtained for the TiN p:Mder sample employed. They were also 
considerably higher than would have been predicted from the 
stoichiometry of the coating. Whittle suggested that either some 
canposi tional effect or internal strain in the coating was responsible 
for the higher lattice parameter values determined. After the 
obligatory HSS substrate heat treatment, significantly lower average 
0 0 
lattice parameter values of 4.2384 A and 4.2367 A, were determined for 
the TiN coating on the rake and flank faces of the HSS inserts 
respectively. Whittle attributed these lower lattice parameter values 
to the lower level of internal stress in the coatings after HSS 
substrate heat treatment caused by the formation of oracks in the 
coatings. 
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In their work on TiN coatings chemically vapour deposited on 0.6-o. 7%C 
steel substrates, Takahashi and Itch ( 19) obtained a lattice parameter 
0 
of 4.237 Ji. fran the lattice spacing of the {220} planes only. For TiN 
coatings chemically vapour deposited on cemented carbide substrates 
pre-coated with TiC, Sjostrand< 20 l quotes a lattice parameter value of 
0 
4.2365 A (average), whilst for a TiN coating chemically vapour 
deposited on a cemented carbide substrata, WOlf et al(26) quote a 
0 
lattice parameter value of 4.240 A. These values canpare favourably 
• 
with the value of 4.24 A quoted for TiN in the AS'IM pcMder diffraction 
file ( 34 ), that of 4. 234 A quoted by Schwarzkopf and Kieffer< 31 ) for TiN 
coatings chemically vapour deposited on cemented carbide substrates 
and those obtained by other workers<32 ,33). Schwarzkopf and Kieffer 
also presented graphical data showing the lattice parameter of TiN as 
a function of nitrogen content and that of Ti(C,N) as a function of 
mole % TiN and TiC concentration. These tw:J sets of data have also 
been presented by Cermak and Dadourek( 35) and Duwez and Odell (33). The 
versions presented by Cermak and Dadourek and Duwez and Odell are 
shown in Figures 2.1 and 2.2 respectively. 
2.1.2 Elemental analysis 
In his work on chemically vapour deposited TiN coatings, Whittle< 16 l 
used AES to investigate ccmposi tional variations through the coating 
and coating/substrata interface. This technique was selected as it 
enables important light elements (C, N and 0) to be analysed and has a 
high spatial resolution. Several other workers have similarly employed 
AES(22,24,36) in their investigations of chemically vapour deposited 
TiN coatings. However, other techniques have been used; namely 
wavelength dispersive X-ray analysis on an electron probe micro-
analyser (EPMA)(37-39 l, energy dispersive X-ray analysis (EDAX) on 
either an SEM or a scanning transmission electron microscope 
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(STEM)(ZZ,Z4, 40> and soft X-ray emission spectroscopy (SXES)< 41 >. 
Although the present section will concentrate on the results obtained 
using AES, those acquired using the other techniques mentioned are 
still of considerable importance and consequently will also be briefly 
included. 
In the work referred to above, analysis was nonnally carried out on 
either the surface of the coatings(l6, 37 •40, 4l) or on a cross-
section<37-40). In a few cases, hc:Mever, canposition-depth profiles 
were obtained using AES by the sequential removal of surface layers 
using argon-ion banbardment< 22•24 ). It is, hc:Mever, kocMn that this 
banbardment can cause cc:mpositional artefacts to occur due to the 
preferential sputtering of one species, or by ion-induced chemical 
decanposi tion ( 42) . To eliminate these problems, AES canposi tion-depth 
profiles have also been obtained by employing either low-angle taper 
sections(22,24), or the more recently introduced ball-cratering 
technique(l6,36). 
In the case of TiN coating chemically vapour deposited on a FM T42 
grade HSS substrates, Whittle< 16 ), found that the cc:mposition of the 
TiN ooating on the rake face of the as-ooated insert investigated was 
essentially uniform throughout the coating thickness, until the 
coating/substrata interface was approached, with a formula of"' TiNo. 8 . 
He also obsm:ved a significant arrount of interdiffusion between the 
HSS substrata and the TiN coating, with nitrogen and carbon apparently 
having diffused furthest. In the case of carbon, an average of "-4 at. 
% was detected in the bulk of the coating, increasing to "'10 at. % 
over a thin ("'1 11m) band at/near the coating/substrata interface. The 
latter was interpreted as being indicative of a thin Ti(C,N) layer in 
the TiN ooating adjacent to the ooating/substrate interface. Whittle 
10 
suggested that its formation was due to diffusion of carbon fran the 
substrate and was also related to the carburising trea"bnent employed 
by Edgar Allen Tools prior to deposition of the TiN =ating. After the 
obligatory HSS substrata heat treatment, Whittle observed an increase 
in the arrount of interdiffusion which had occu=ed between the TiN 
=ating and the HSS substrata, and found that the oanposition of the 
coating varied from TiN0 . 93 near its surface to TiN0 . 77 as the 
=ating/substrate interface was approached, caused, presumably, by 
interstitial volume diffusion of nitrogen atans fran the coating into 
the HSS substrate. l'b other significant differences were observed 
between the coatings on the as-coated and heat treated, coated 
inserts. 
AES, together with the aforementioned ball-cratering technique, was 
also used by Thcmpson et al ( 36), to obtain a oanposi tion-depth profile 
for a TiN coating on a steel substrata. It was found that a 
significant arrount of interdiffusion had occu=ed between the coating 
and the substrata and that the canposition of the coating was TiNo. 72• 
In addition, however, <v7 at. %C was detected in the coating. This is 
significantly lower than the value of '"14 at % obtained by Olubb and 
Billingham< 22 > and Olubb et a1< 24 > for what was referred to as a 
naninally pure TiN coating (i.e. not Ti(CN)) on a cemented carbide 
substrata pre-coated with TiC and Ti(CN), but higher than the value of 
3.5 at. %C obtained by Perry< 38 ) in his "WOrk. In his work, Perry also 
observed that a chemically vapour deposited TiN coating on a DIN 
1.2080 steel substrata was of essentially stoichiometric composition. 
In camon with the results obtained by Whittle and Thcmpson et al, 
other workers< 22 •24•37- 40 > obtained results from the elemental 
analysis of TiN coatings chemically vapour deposited on various 
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substrates, all indicating substantial interdiffusion of ooating and 
substrata elements, which is hardly surprising given the elevated 
temperatures ("'1000°C) at which CVD of the coating is carried out. 
2.1.3 Qptical microscopy 
Many previous investigators of cutting tool materials ooated with TiN 
by CVD, including Whittle(lG), have employed optical microsoopy on 
polished and etched cross-sections, principally to investigate coating 
microstructure< 19 •23 •24• 26•30• 43 •44 l, the presence or absence of 
diffusion layers in the substrata adjacent to the coating/substrata 
interface(l6, 24•26•44- 47 l and to a lesser extent to determine coating 
thickness< 16•24•43•44). Of the references cited, only two(l6, 45 l were 
concerned with TiN coatings chemically vapour deposited on steel 
substrates. However, Takahashi and Itoh< 19 ) investigated double layer 
TiC/TiN ooatings on steel substrates. The other investigations were 
ooncerned with TiN ooatings chemically vapour deposited on cemented 
carbide substrates, either as a single layer(26,40,43,44,46,48) or as 
a part of a multilayer(23, 24,30,47) ooating. 
With regard to the structures of the TiN coatings determined by 
optical microscopy, it must be emphasised, before discussing the 
results obtained, that in several instances< 24•40•43•48l it was not 
possible to actually discern the structure stated to be present by the 
author( s) . For a double-layer TiC/TiN ooating on a 0. 6-0. 7%C steel 
substrata, Takahashi and Itoh(l9) found that the structure oonsisted 
of continuous oolumnar, epitaxially grown crystallites penetrating 
both the TiC and TiN layers. A columnar structure was similarly 
observed by Dearnley and Trent< 23 > and Dearnley et al (30) in the TiN 
exterior layer of a TiC/TiOI'/TiN mul tilayer coating on a cemented 
carbide substrata. In contrast, an equiaxed structure was observed by 
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Deaznley et al ( 30 l in the TiN exterior layer of a TiC/TiN mul tilayer 
coating on cemented carbide substrates. 
With regard to diffusion layers; in his work on TiN coatings 
chemically vapour deposited on PM BT42 grade HSS substrates, 
Whittle< 16 l observed a band of pearlite in the as-coated substrate 
adjacent to the coating/substrata interface, attributed to the 
carburising treatment employed by Edgar Allen Tools prior to 
deposition of the TiN coating. This band of pearlite can be seen in 
Figure 2.3. After heat treatment of the HSS substrate of the coated 
inserts, Whittle observed a band "-'10 }.lm wide, in which the grains were 
significantly smaller, and the martensite significantly finer than in 
the bulk mi=structure. He stated that this band originated fran the 
band of pearlite observed in the same location in the as-coated 
insert. 
In his work, on steel and cemented carbide substrates chemically 
vapour deposited with TiN, Ruppert< 45l identified three such diffusion 
layers. These were as follows: 
1. A layer in the substrate adjacent to the coating/substrate 
interface (principally a carburised or decarburised layer). 
2. A layer in the coating adjacent to the coating/substrate interface 
(principally containing carbon/nitrogen/oxygen as "impurities", 
depending on the coating/substrate canbination). 
3. A layer between the coating and substrate having a canposi tion 
which differed essentially fran that of the coating or substrate 
(principally oxidic, metallic and quasi-metallic layers). 
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Frcm the viewpoint of detection by optical examination, the first tw:> 
of these are the rrost significant. For a 1. O%C steel substrata coated 
with TiN by CVD, Ruppert< 45 ) observed a substantial diffusion layer in 
the substrata adjacent to the coating/substrata interface, which was 
stated to be canentite. In contrast, a decarburised n-carbide layer 
has most often been observed adjacent to the coatingjsubstrate 
interface in the case of canented carbide substrates coated with TiN 
by cvnC26,43,44,46, 48J even under coating conditions designed to 
minimise its f0Dllation(26). 
2.1.4 F.ractogrgphy 
Due to the well-known difficulties associated with prepari.nJ polished 
and etched coating =ss-sections and examining them optically, many 
previous investigators<27,29, 39•40, 49-S3), including Whittle(l6), have 
employed fractography as an alternative method for examining the grain 
structure of CVD TiN coatings. In only three instances(l6,27,39) were 
TiN coatin;1s on steel substrates found to have been investigated; 
although Young et al ( 50 ) investigated TiN coatin;1s on HSS substrates 
pre-coated with a thin ("' 1.0 lt!'l) TiC layer. The other investigations 
were concerned with TiN coatings chemically vapour deposited on 
cemented carbide substrates. 
In his =rk, Whittle< 16 l observed that the typical grain structure of 
the CVD TiN coating on the as-coated PM HSS inserts which he 
investigated consisted of a thin ("' 1 urn) layer of equiaxed grains 
adjacent to the coating/substrata interface, identified as Ti(Of) (see 
Section 2.1.2), with much larger grains, exhibitin;1 a tendency towards 
columnar grc:Mth, in the bulk of the coatin;1 as shown in Figure 2.4(a). 
After HSS substrata heat treatment the typical structure of the TiN 
coati.nJs determined by fractography (shown in Figure 2.4(b)) appeared 
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to be significantly different to that observed in the case of the as-
coated inserts. Whittle suggested that the increase in HSS substrata 
hardness after this heat treatment caused a change in the fracture 
mJde of the TiN coating, fron predaninantly transgranular in the case 
of the as-coated inserts, to predaninantly intergranular in the case 
of the heat treated, coated, inserts and that this was responsible for 
the apparent difference in the coating structure observed. As a 
consequence of this he suggested, that in order to obtain truly 
representative coating structures using fractography it was necessary 
to harden the HSS substrata before the coated inserts were fractured. 
For a TiN coating chemically vapour deposited on a chronium tcol steel 
(1% c, 5% er, 1% 1-'b and 0.2% V) substrata, ~tyla et a1 <27) observed 
what they described as an equiaxed-type structure fanned of densely 
bonded TiN grains. Very little conunent was made by Perry< 39 ) 
concerning the structure of the TiN coating which he studied 
(chemically vapour deposited on a DIN 1.2080 steel substrata) other 
than to say that it was regular. Young et al (SO), however, stated 
that the lc:Mer layer of the TiN coating on the samples which they 
investigated consisted of extremely fine grains with large colunnar 
and faceted grains present in the bulk of the coating. Similar 
structures have been reported for TiN coatings chemically vapour 
deposited on cemented carbide substrates<29,40, 49,51-53). Wertheim et 
a1< 51 l state that the very fine grains present in TiN coatings 
adjacent to the coating/substrata interface are fanned as a result of 
carbon diffusion fron the substrata. In his =rk, Laugier(52) found 
that the TiN coating consisted of submicron grains near to the 
coating/cemented carbide substrata interface with a significant 
increase in coating grain size ( »1 11m) accanpanied by a tendency to 
colunnar morphology as the surface of the TiN coating was approached. 
15 
2.1.5 Surface condition assessment 
Two techniques have been used by previous workers, including 
Whittle(l6), to investigate the surface condition of CVD TiN coatings; 
namely the use of a Talysurf(23,30, 54•55) to obtain surface roughness 
values and the examination of coating surface grain structures on an 
SEM(20,23,25-27,30,40,44,50,53,54,56-59). 
Using a Talysurf, Whittle obtained roughness average (Ra) values for 
the T.iN coatings on the rake and flank faces of the FM HSS inserts 
which he investigated of 0.42 and 0.54 lJm respectively, as canpared to 
the corresponding values for uncoated inserts of 0.15 and 0.56 lJffi 
respectively. The surface finish of the uncoated inserts on the rake 
face was !TRlch superior to that on the flank face due to the fact that 
the rake face was surface ground. It was evident that, on the rake 
face, deposition of the TiN coating caused the surface finish to 
deteriorate, whilst on the flank face there was no significant 
difference. With regard to the corresponding resu1 ts obtained after 
the obligatory HSS substrata heat treatment, Whittle found no 
significant difference to those obtained for the TiN coatings on the 
as-coated inserts. In his w:)rk, Habig< 55 l canpared Ra and Rz values 
for different teal steel substrates before and after the CVD of T.iN 
coatings. He found the roughness values were increased by the CVD of 
the TiN coatings. The Ra and Rz values obtained by Habig ranged fron 
0.2-0.43 \m1 and 1. 75-3 lJm respectively. 
In their w:)rk, Hovarth and Perry< 54 l obtained a roughness average (Ral 
value of 0.25 1Jffi for a TiC/TiN multilayer coating chemically vapcur 
deposited on cemented carbide substrates. They also reported the peak-
to-valley height <Rtl of this coating to be 1. 7 1J m, which canpares 
favourably with the range of ~1-3 lJm obtained by Dearnley and 
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Trent< 23 l and Dearnley et al(30) for TiN coatings chemically vapour 
deposited on cemented carbide substrates. These roughness values on 
their own do not, however, adequately represent coating surface 
topography. In two cases< 16•54 l such roughness values were canbined 
with a 'typical' Talysurf trace, to achieve better representation of 
surface topography. 
As previously indicated, many workers have examined the surface grain 
structure of chemically vapour deposited TiN coatings using an SEM. In 
only three instances, however, were TiN coatings chemically vapour 
deposited on iron-based substrates investigated(l6,27,58J. 
In his work, Whittle<16 l categorised the surface grain structure of 
the TiN coating which he observed on the as-coated PM HSS inserts 
(shown in Figure 2.5) as being pyramidal/faceted. He also reported 
that the HSS substrate heat treaiment had no significant effect in 
this regard, a1 though the surface grain structure was seen to be much 
better defined in the case of the as-coated inserts than in the case 
of the heat treated, coated inserts. It was hypothesised that this 
was due to an oxide or organic film covering the surface of the 
coating on the heat treated, coated inserts. 
For TiN coatings chemically vapour deposited on chranium tool steel 
substrates, Mimtyla et a1 <27 l categorised the surface grain structure 
which they observed as being of a dense-looking equiaxed type or more 
plate-like. For chemically vapour deposited TiN coatings on cemented 
carbide substrates, WOlf et al <26 ) noted the large, crystalline, and 
blocky grain morphology of the TiN coating. Schintlmeister and 
Pacher< 59 ) classified the surface grain structure which they observed 
as being essentially pyramidal. This is consistent with the results 
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obtained fran other investigations of the surface grain shucture of 
chemically vapour deposited TiN coatings, where the grain shuctures 
observed could be categorised as either pyramidal/ 
faceted(l6,19,20,25,30,40,44,57,59) or damed(20,23,25,40). 
2.1.6 Microhardness tests 
Not surprisingly, microhardness tests have been used exclusively 
to determine the hardness of chemically vapour deposited 
TiN coatings(l6,20,27,30,38,39,54,60-64). Tiro types of indentor have 
been employed in these tests, namely, Knoop(22) and 
Vickers(l6,19,20,26,38,39,44,45,54,55). The former, since it produces 
a much shallower impression than the latter under the same load, 
generally gives a =re accurate microhardness value. Tiro methods have, 
however, been employed to reduce the error associated with the greater 
relative depth penetrated by a Vickers indentor: increasing coating 
thickness specifically to facilitate microhardness measurements(65) 
and the generation of low-angle taper sections to 'mechanically 
magnify' the area of the sectioned coating(l6,45). 
In his WOik, as indicated above, Whittle(l6) used a Vickers indentor 
together with the latter method in order to obtain microhardness 
measurements of the TiN coatings which he ilwestigated. For the TiN 
coatings on the as-coated and heat treated, coated PM HSS inserts 
respectively, microhardness values of 1801 ± 169 and 1839 ± 137 were 
obtained, illustrating that the HSS substrata heat treatment had no 
significant effect on the microhardness of the TiN coatings. other 
mi=hardness values quoted in the literature for chemically vapour 
deposited TiN coatings(ZO,Z6,3B, 39, 45,S4) are presented in Table 2.1, 
together with the type of indentor employed, the load used and the 
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substrata on which the TiN coatings were deposited, where these have 
been reported. 
2.1.7 Adhesion testing 
In his v.ork on chemically vapour deposited TiN coatings, Whittle(l6) 
used the scratch-adhesion test (hereafter referred to simply as the 
scratch test) to assess the adhesion of the coating to the Wl BT42 
grade HSS substrata. This technique has been similarly errployed by 
other v.orkers to ilwestigate the adhesion of TiN coatings chemically 
vapour deposited on both steel ( 3B' 39 l and cemented carbide ( 60' 61 l 
substrates. 
The scratch test was originally devised by Heavens<62 ) and developed 
further by Benjamin and weaver( 53 ). As applied by the latter it 
essentially consists of scratching a coated sample with a stylus 
(normally a diarrond) of known tip radius, at a constant speed, under 
progressively increasing (either stepwise or continuously) applied 
load until the coating is completely removed from the scratch 
channel. The lCMest load at which this occurs is taken to be the 
critical load. 
One problem in applying the scratch test to hard material coatings is 
that, as will be seen later, canplete rerroval of the coating fron the 
scratch channel during scratch testing can be preceded by partial 
rerroval fran the scratch channel, flaking at the edges of the scratch 
channel, local spalling, cracking and loss of load bearing capacity. 
To resolve this difficulty it has been suggested< 64 ) that the critical 
load should be taken to be that which corresponds to the first 
appearance of cracks in the coating and/or local coating detachments 
(the so-called threshold adhesion failure). This has led to the 
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application of various ancillary techniques to facilitate 
load determination including microhardness tests ( 38, 39) 
' ' ' 
critical 
acoustic 
emission(38,39,60,61,65,66), optical(38,39,61,66,67) and scanning 
electron microscopy<38•39•60•61•65•66 ) and energy dispersive x-ray 
analysis on either an EPMA or an SEM( 38, 66 l, the latter method also 
having been employed by Whittle(l6) in his work. 
Unfortunately, this is not the only problem. Fran an examination of 
the scratch test itself, Butler et al(6B) concluded that the 
scratching process is far nore ccmplex than hitherto realised, and 
that therefore the test may only be used quantitatively to ccmpare the 
adhesion of similar coatings on identical substrates; a viewpoint 
also shared by Mukherjee et a1 ( 69 ) • Oroshnik and Croll ( 64 l further 
state that absolute ccmparisons cannot be made between scratch tests 
carried out in different laboratories or using different scratch test 
equipment, due to inherent deviations between stylii. They did, 
however, add that providing the stylus tip radius and scratch speed 
are known, in addition to the substrata type and hardness, some 
canparisons may be made. 
In his work, Whittle< 16 ) carried out scratch tests only on heat 
treated, coated inserts. From optical examination of the scratch 
channels on these inserts resulting fran the scratch tests it was 
found that at stylus loads up to and including 7 kg the scratch 
channels were of uniform yellow appearance, whereas at 8 kg some 
silvery areas were visible, and at stylus loads of 9 and 10 kg 
virtually the whole of the scratch channel was silvery in appearance. 
The scratch channels on one of the heat treated, coated inserts were 
examined on an SEM fitted with an energy dispersive X-ray analyser. 
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From SEM examination and Ti and FeKaelemental scans, it was 
established that for the stylus load of 7 kg the TiN coating was still 
present in the scratch channel, although there was sane evidence of 
smoothing/smearing of the coating, but no coating breakthrough. 
Increasing the stylus load to 8 kg was found to have caused localised 
coating renoval fron the scratch channel, and increasing the stylus 
load still further to 9 kg was confinned to have resulted in the 
coating being virtually renoved fron the scratch channel. Fran these 
results Whittle concluded that the critical load corresponding to 
complete renova1 of the TiN coating for the PM HSS substrates was 
within the range 8-9 kg. 
Perry< 38' 39 ) , carried out a detailed study of the response to the 
scratch test of a 7. 2 jJI1I thick TiN coating chemically vapour deposited 
on a tool steel (DIN 1.2080) substrate. 'Itle ancillary techniques used 
were optical and scanning electron mi=soopy, acoustic emission and 
microhardness testing. He found that the rather rough surface of the 
TiN coating began to be smoothed out at a stylus load of 4 kg, 
accompanied by sane local coating loss, a sudden marked increase in 
acoustic emission and a fall in microhardness in the scratch channel. 
Increase in load above 4 kg caused microhardness in the scratch 
channel to decrease further until it reached a value equal to that of 
the steel substrate. An increasing anount of local coating loss at 
the edges of the scratch channel was also observed, with heavy 
cracking in the channel itself at a load of 6 kg. Conplete coating 
renoval was found to occur at loads of 9.9 kg and above, preceded by 
partial renova1 at a load of 9.5 kg. Optical =ss-sections through 
the scratch channel revealed an increasing anount of coating damage, 
but no loss of thickness until stylus loads of the order of 8-9 kg 
were applied. Perry interpreted these resu1 ts as indicating that the 
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load bearing capacity of the TiN coating was retained up to a stylus 
load of 4 kg, with total loss of coating mechanical resistance 
oc=ing at a load of 6 kg due to cohesive and/or adhesive failure. 
Rather different results to those described by Perry were obtained by 
Hintermann< 60 l and Laeng and SteinmannC6l) in their work on the 
adhesion of TiN coatings chemically va~our deposited on cemented 
carbide substrates. Fran scratch tests on 2 !liD thick TiN coatings, 
they observed optically that coating failure was characterised by 
local adhesive loss in the scratch channel (i.e. partial coating 
removal), and also that applying a carburising treatment to the 
cemented carbide substrates prior to coating deposition led to a 
decrease in critical load fran 8 kg to 2 kg but did not change the 
mode of coating failure. This decrease was attributed to the fonnation 
of a Ti(C,N) intermediate layer at the beginning of the deposition 
process due to reaction with carbon fran the substrate. In contrast, 
fran scratch tests on TiN coatings chanically vapour deposited on Cb-
alloy substrates, Hintermann and Laeng and Steinmann found that 
etching the substrates to remove an oxide film prior to coating 
deposition, not only increased the critical load but also changed the 
failure mode of the coating fran flaking at the edges of the scratch 
channel (i.e. adhesive failure) to cracking of the coating in the 
scratch channel (i.e. cohesive failure). 
Somewhat surprisingly, no valid information was found in the 
1i terature relating the critical load during scratch testing to the 
thickness of chemically vapour deposited coatings. Sane results have 
been presented by Hintermann< 60 ) allegedly for TiN coatings chemically 
vapour deposited on tcol steel substrates, purporting to show that the 
critical load increases with increasing coating thickness. However, 
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these results have been reproduced fran original woik by Perry< 39l; 
careful reference to which makes it clear that they refer to 
physically and not chemically vapour depcsited TiN =stings. For 6-
11.5 l.ll1l thick TiN =stings ion plated on cemented carbide substrates, 
Hummer and Perry(65 ) observed no dependence of critical load on 
coating thickness. In contrast, the critical load for such =stings on 
stainless steel, tool steel and HSS substrates was found to increase 
linearly with increase in =sting thickness, fran 0.4-11.5 l.llll(39,66l. 
A similar dependence of critical load on =sting thickness having been 
repcrted by Sproul ( 5 l for 3-10 l.ll1l thick sputter depcsi ted TiN =stings 
on M2 grade HSS substrates. Increasi.ng substrate hardness in the ~ 
61.5-65 HRC has also been shown to cause an increase in critical 
load(38,39). 
2.2 'lhe Effect of Process Paraneters an the Olaracteristics of C\ID 
TiN Coatings - Previous Work 
As mentioned earlier, this part of the chapter is concerned with a 
survey of previous oork an the effect of process parameters on the 
characteristics of chemically vapour depcsited TiN =stings. This 
survey revealed that the following major CVD process parameters have 
previously been studied: deposition time, depcsition temperature, 
total gas flow rate, TiC14 partial pressure, Hz/Nz ratio and Nz/TiC14 
m::>le ratio. The effects of these major parameters are dealt with in 
separate sections. A number of other, minor process parameters; 
namely the nitrogen source used, the velocity of gas flow and reactor 
design and orientation have also previously been studied, albeit to a 
lesser extent. Their effects are dealt with together in one section. 
First, however, the effect of the substrate is considered. 
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2.2.1 Effect of substrata 
Whilst, strictly speaking, the substrate to be coated is not a process 
parameter, it was considered that it would be useful to briefly review 
its effect on chemically vapour deposited TiN coatings in this 
section. 
Both Hintermann< 70) and Horvath and Peny< 54 l state that when TiN 
coatings are chemically vapour deposited on carbon-containing 
substrates, very thin layers of TiC and/or Ti(C,N) will always form 
initially by reaction with carbon fran the substrate (the substrate 
reaction), and that only when these layers have formed will TiN grcM 
on top of them by deposition fran the gas phase. In the case of 
cemented carbide substrates, they point out that this participation of 
carbon fran the substrata can lead to the fonnation of a zone of n -
phase in the substrate adjacent to the coating/substrate interface. 
The presence of such a zone has been observed by Kieffer et 
al(4S,7l), OJo and Cllun( 72 l, OJo et a1< 44 > and Dean1ley< 73 l. In the 
case of steel substrates however, Hintermann states that when the 
deposition temperature is kept high, the carbon participating in the 
substrata reaction will be readily replaced by carbon diffusing fran 
the bulk of the substrate. 
According to Peterson< 43 l, the substrate affects the grcMth rate of 
the coating througmut the deposition process and not only at the 
beginning; large variations in deposition rate having apparently been 
observed for Tllf coatings deposited on substrates other than cemented 
carbide, such as graphite or nickel. Similarly, for TiN coatings 
chemically vapour deposited on various iron-based substrates such as 
electrolytic iron, carbon steel and stainless steel, Jung et al <74) 
observed that the grcMth rate of the coating througmut the deposition 
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process was higher on the electrolytic iron substrates, followed by 
the carbon steel and the stainless steel substrates. They also 
observed a higher hardness value for the TiN coating on the stainless 
steel substrate (1800 HV) than for that on the electrolytic iron and 
carbon steel substrates (1700 HV). It was stated that the TiN coating 
on the electrolytic iron was superior, followed by that on the carbon 
steel and on the stainless steel. 
The effect of nickel on the CVD of TiN coatings has been investigated 
by blo groups of workers. Schintlmeister et al ( 40 l found that whilst 
finely crystalline, smooth coatings were obtained when TiN was 
chemically vapour deposited on TiC or we-eo cemented carbide, TiN 
coatings simultaneously deposited on nickel-plated or nickel-
containing substrates exhibited intense dendritic crystal growth. They 
attributed this effect of the nickel to a reduction in the rrumber of 
nuclei formed in the initial stage of deposition, together with the 
developnent of preferred growth directions. Sanewhat sjmilarly, Ranan 
et al (58 ) found that the CVD of TiN coatings on a pure iron substrata 
oc=ed in a regular manner on the wlx:>le substrata surface, but that 
when 20% nickel was introduced it led to nucleation of the TiN coating 
on the rrore active nickel centres of the substrata during the initial 
stage of deposition, resulting in a degradation of coating continuity 
and the growth of separate TiN crystals. 
2.2.2 Effect of depoSition time 
Relatively little work has been carried out on the effect of this 
process parameter. For TiN coatings chemically vapour deposited on I'M 
BT42 grade HSs(lB), cemented carbide(56,72) and iron-based 
metal (58, 74) substrates, hc:Mever, it has been established that the 
thickness of the TiN coating increases linearly with deposition time. 
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In contrast, Nickl et a1< 75 l found that the mass of a TiN coating 
chemically vapour deposited on a TiN substrata incr'eased as a function 
of (deposition time) 312 . 
Using X-ray diffraction to investigate the effect of deposition time 
on TiN coatings chemically vapour deposited on iron substrates at 
950°c, Takahashi and Itoh< 76 l obsel:Ved strong a-Fe and weak isotropic 
TiN lines for a deposition time of 13 minutes, but found that <220> 
preferred orientation of the TiN coating became apparent as the 
deposition time increased, until, after a deposition time of 60 
minutes, only the (220) line for TiN was present. The same technique 
was used by Lamsehchi ( 18 l to investigate the effect of deposition time 
on TiN coatings chemically vapour deposited on PM BT42 grade HSS 
substrates. Deposition times of 20, 40, 60, 70 and 90 minutes were 
used at a constant deposition temperature of l050°C, a total flow rate 
of 4500 1 hr-1, and Nz!TiC14 mole ratio of 20. Lamsehchi found that 
the TiN coating deposited for a deposition time of 20 minutes 
exhibited slight preferred orientation of the {111} planes, whilst 
that deposited for 40 minutes exhibited a slight preferred orientation 
of the {220} planes. Further increase in deposition time was found, in 
general, to cause an incr'ease in preferred orientation of the {220} 
planes. 
2.2.3 Effect of depoSition temperature 
Several workers have investigated the effect of deposition temperature 
on the growth of TiN coatings chemically vapour deposited on cemented 
carbide< 44 ,56,72,73 l, TiC-coated cemented carbide< 25 •73 l, iron-
base<74•76,77l and iron-base powder meta1(5S) substrates. In each 
case, it was found that increasing deposition temperature caused an 
increase in deposition rate. In six cases(25,44,56,58,72,73) an 
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Arrhenius-type relationship was found to exist between deposition rate 
and temperature, i.e. graphs of 1n (deposition rate) vs the reciprocal 
.. 
of deposition temperature were found to be :Linear with a negative 
slope, frcrn which values of activation energy were calculated. 
Cho and Olun(72) and Cho et al< 44l obtained an activation energy of 
47.7 kJ mole-1 for TiN coatings chemically vapour deposited on a 
cemented carbide substrata, as canpared to the value of 51.1 kJ mle-1 
obtained by Sadahiro et al ( 56). For TiN coatings chemically vapour 
deposited on a TiC-coated cemented carbide substrata, Kim and Olun(25) 
calculated activation energies of 39.4 and 309 kJ mle-1 respectively 
for deposition temperatures greater than and less than 1000°c. They 
concluded frcrn these values that at deposition temperatures greater 
than and less than lOOOOc the deposition reaction of TiN could be said 
to be controlled by mass transport and surface reaction respectively. 
For TiN coatings chemically vapour deposited on iron-base powder metal 
substrates, Ranan et al(SS) calculated an activation energy of 26.9 kJ 
mle-1• 
Work has also been carried out on the effect of deposition temperature 
on the crystal structure of chemically vapour deposited TiN coatings. 
Sadahiro et al(56), Kim and Olun< 25 l, Itoh et a1< 77 l and Takahashi and 
Itoh<76 ) respectively investigated its effect on the preferred 
orientation of TiN coatings chemically vapour deposited on cemented 
carbide, TiC-coated cemented carbide and iron-base substrates. The 
first three of these also investigated the effect of deposition 
temperature on the surface grain structure of TiN coatings, along with 
Synielnikowa et al ( 32 l (graphite and tungsten substrates) and 
Schintlmeister and Pacher( 59 l (substrata material rot specified), 
whilst Sjestrand< 20 l studied its effect on the bulk grain structure of 
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TiN coatings chemically vapour deposited on cemented carbide 
substrates preooated with a 1.5 urn thick layer of TiC. 
Using X-ray diffraction and canparing the data obtained with that fron 
the ASTM powder diffraction file ( 34 ), Kim and Chun ( 25) found 
increasing preferred orientation of the {220} planes with increasing 
deposition temperature for TiN coatings chemical! y vapour deposited at 
temperatures in the range 950-1150°C. Similar results were obtained, 
using the same technique, by Takahashi and Itoh(76 ) for deposition 
temperatures in the range 950-1050°C and by Sadahiro et al(56) for 
temperatures in the range 900-1100°C. Itch et a1< 77 l also found 
preferred orientation of the {220} planes corresponding to increasing 
deposition temperature over the range 550-1000°C in their work. 
With regard to surface grain structure, all the workers cited observed 
an increase in grain size with increasing deposition temperature. Kim 
and Olun ( 25 ) attributed this to increases in the nucleus size and 
growth rate of TiN with increasing deposition temperature. It sh:Juld 
be roted that in their wo:tk, Schintlmeister and Pacher( 59 ) canpensated 
for the effect of deposition temperature on deposition rate by varying 
the concentration of the reactants. Even with equal deposition rates 
however, they still observed an increase in grain size with increasing 
deposition temperature. A slight alteration in grain structure was 
also noted, with stellate crystals being observed in addition to the 
simple pyramidal crystals on the surface of the TiN coating deposited 
at a low temperature. With regard to the effect of deposition 
temperature on the bulk grain structure of TiN coatings, hcMever, 
Sj;strand< 20 l found no major differences in the structure of TiN 
coatings chemically vapour deposited at high and low deposition 
temperatures, both being columnar in nature. 
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Finally, from optical micrographs of cross-sections through TiN 
coatings chemically vapour deposited on cemented carbide substrates at 
deposition temperatures of 950°C and l000°C, it was noted by Ox> and 
Orun ( 72 l and Ox> et al ( 44 ) that a zone, thought to be n -phase, was 
present at the coating/substrate interface after deposition at 1000°c 
whilst no such zone was present after deposition at 950°C. 
2.2.4 Effect of total flow rate 
The effect of the total flow rate of the reactant gases on the growth 
of chemically vapour deposited TiN coatings has been investigated by 
several workers< 25 , 43 , 56 , 72, 74 , 78 l. In one of these investiga-
tions<74l the TiN coatings were deposited on steel substrates and in 
another one(25) on TiC-coated cemented carbide substrates; 
remainder plain cemented carbide substrates were employed. 
in the 
For TiN coatings chemically vapour deposited at a temperature of 
1050°C with constant N2 and TiC14 partial pressures (i.e. a constant 
N2/TiC14 mole ratio), Ox> and Chun( 72 ) found that increases in total 
flow rate between 0.4 and 0.8 1 min-1 resulted in an increase in the 
deposition rate. Similarly, fran the results of 'WOJ:k carried out by 
l?eterson ( 43 l, in which TiN coatings were chemically vapour deposited 
at temperatures of 1000 and 1080°C with a Hz!N2 ratio of 1, it is 
evident that, f= a given TiC14 partial pressure, increases in total 
flow rate caused oo:cresponding increases in TiN coating thickness. In 
their v.urk (deposition temperature 1000°C, H2!N2 ratio 2/3, TiC14 mass 
flow rate 20g/hour, deposition time 1 hour) Sadahiro et al (56 l found 
that TiN coating thickness increased linearly with increase in total 
flow rate between 0 and 5 1 min-1• Fran a more detailed investigation 
of the effect of total flow rate on the deposition rate of TiN 
coatings chemically vapour deposited at a temperature of lOSOOc with 
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TiCl4 and Hz partial pressures of 0.03 and 0.485 atmospheres 
respectively (i.e. N2/TiC14 ITOle ratio 16.2) and an Hz!Nz rate of 1, 
Kim and Chun<25 ) established that two quite distinct regions existed. 
In the first, corresponding to total flow rates less than 0. 7 1 min-1, 
the deposition rate was found to increase almost linearly with 
increase in the square root of the total flow rate, whilst in the 
second, corresponding to total flow rates greater than 0.7 1 min-1, 
the deposition rate was found to remain oonstant with increase in 
total flow rate. Kim and O:lun inferred fran these results that, in 
their work, there were two different mechanisms controlling the TiN 
deposition reaction: for total flow rates less than 0. 7 1 min-1 the 
TiN deposition reaction was controlled by mass transport of the 
reactant gases, whereas for total flow rates greater than 0. 7 1 min-1 
it was controlled by surface reaction. Finally, fran work carried out 
by Naik(78) in which TiN ooatings were chemically vapour deposited at 
l080°C with H2;N2 ratios of 2, 4 and 6 and TiC14 partial pressures of 
0.04, 0.08 and 0.119 atlTOspheres, it was found that increases in total 
flow rate had a variety of effects on the deposition rate of the 
ooatings, depending on the values of the other deposition parameters 
employed. In no instances, however, were increases in total flow rate 
found to produce sustained increases in deposition rate. Indeed, in 
four instances, the reverse was found to be the case. 
Kim and Chun ( 25 ) also investigated the effect of total flow rate on 
the preferred orientation and surface grain structure of their 
chemically vapour deposited TiN coatings, finding that the X-ray 
diffraction intensity of the (220} planes increased with increase in 
the total flow rate up to 0. 7 1 min-1 and then decreased slightly 
above 0.7 1 min-1. An increase in surface grain size with increasing 
total flow rate up to 0. 7 1 min-l was also observed. In agreement with 
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K:im and Oum' s 'iK>rk, Synielnikowa et al ( 32 ) state that the total flow 
rate of the reaction mixture strongly influences the grain size of 
chemically vapour deposited TiN coatings. It should, however, be noted 
that no results were presented to substantiate their statement. 
2.2.5 Effect of TiC14 partial pressure 
Investigations have been carried out into the effect of TiC14 partial 
pressure during the CVD of TiN coatings on deposition 
rate< 25,43, 56, 78) and crystal structure<25, 43 ). The TiN coatings were 
deposited on cemented carbide substrates in all but one instance ( 25), 
in which TiC-coated cemented carbide substrates were anployed. 
In their work, K:im and Olun( 25 ) established that, at a deposition 
temperature of 1050°C with a E2/N2 ratio of 1 and a total flow rate of 
0.5 1 min-1, increasing the TiC14 partial pressure incrementally frcm 
"0.015 to "'0.04 at:Irospheres produced a continuous increase in TiN 
deposition rate. This effect was explained as follows. Under the 
deposition conditions employed, Kim and Chun had previously 
established that mass transport of the reactant gases was controlling 
the deposition reaction (see Sections 2.2.3 and 2.2.4). This being the 
case, they argued that since the chemical reaction on the substrata is 
faster than the mass transport of the reactant gases, and the partial 
pressure of TiC14 stoichianetrically less than that of nitrogen, the 
concentration of TiC14 vapour on the substrata could be assumed to be 
negligible. It follows fran this assumption that as the concentration 
of TiC14 vapour in the bulk gas stream is increased, the diffusional 
flux of TiC14 vapour to the substrata will also be increased, 
resulting in an increase in the deposition rate of TiN. A similar 
relationship between TiC14 partial pressure and deposition rate was 
obtained by Sadahiro et al (56) for TiN coatings chemically vapour 
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deposited at temperatures of 1000 and 1100°C with a H2;N2 ratio of 2/3 
and a total flow rate of 3 1 min-1 . In direct contrast, for TiN 
coatings chemically vapour deposited at 1000°C with a H2;N2 ratio of 1 
and flow rates of 1 and 2 volume units per hour, and at 1080°C with a 
H2/N2 ratio of 1 and flow rates of 2 and 4 volume units per hour, 
Peterson< 43) found that the deposition rate decreased with increase in 
TiC14 partial pressure above "'0.03 atmospheres. Attention was, 
hcMever, drawn to the fact that a reduction in TiC14 partial pressure 
below this level must eventually lead to a decrease in deposition 
rate, since it must be assumed that at zero TiC14 partial pressure the 
deposition rate lroUld be zero. An indication of this trend was, in 
fact, visible on one of the experimental curves produced by Peterson 
(1080°c, 4 volume units per hour). In the investigation carried out by 
Naik(7B) using a deposition temperature of 1080°C together with Hz/N2 
ratios of 2, 4 and 6 and low, medium and high volume flow rates, it 
was found, in all but one instance (Hz/Nz ratio 4, low volume flow 
rate), that an increase in TiC14 partial pressure fran 0.04 to 0.08 
atrrospheres produced a decrease in deposition rate, co=borating the 
trend detennined by Peterson< 43). Further increase in TiC14 partial 
pressure to 0.119 atmospheres, however, had a variable effect on 
deposition rate dependent upon the values of the other deposition 
parameters employed. It would therefore seem that more study is 
required in this area to account for the conflicting results obtained. 
With regard to preferred orientation, Kiln and Cl1un ( 25) found, for TiN 
coatings chemically vapour deposited under the conditions listed 
earlier, that increasing the TiCl4 partial pressure in increments fran 
0.015 to 0.037 atmospheres led to increasing preferred orientation of 
the {220} planes. By examination of the surface grain structure of the 
TiN coatings they also established that increasing TiCl4 partial 
pressure caused a decrease in grain size. This was attributed to the 
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fact that as the TiC14 partial pressure is increased (i.e. the 
concentration of TiC14 vapour is increased) the nucleation rate of TiN 
is also increased since it is proportional to TiC14 supersaturation 
(i.e. the ratio of inlet partial pressure to chemical equilibrium 
pressure); an increase in nucleation rate resulting in a decrease in 
grain size. In his work, Peterson< 43 l found that the bulk structure of 
TiN coatings deposited at TiC14 partial pressures lower than 0.05 
atirospheres and temperatures above lOCXPc (i.e. at high deposition 
rates) consisted of large coltnmar grains, sane mre than 10 11m in 
length (c.f. 20 11m coating thickness). whereas coatings deposited at 
TiC14 partial pressures in the range 0.05 to 0.10 atl!Ospheres and a 
temperature of lOCXPC (i.e. at lower deposition rates) consisted of 
randcmly oriented micron or subnicron grains. 
2.2.6 Effect of H2/N2 ratio and Nz/TiCl4 mole ratio 
According to Kieffer et al ( 71 l, as long as excess H:2 and N2 are 
present during the CVD of TiN, the quantitative ratio of the reactant 
gases does not play a role except with regard to growth texture. This 
viewpoint is not, however, shared by other investigators(3Z, 49l, nor 
it is vindicated by the (relatively small anount of) work which has 
been carried out on the effect of Hz/Nz ratio and Nz/TiC14 mle ratio 
(i.e. the quantitative ratio of the reactant gases) during the CVD of 
TiN coatings. 
Dealing with the effect of Hz/Nz ratio first. For TiN coatings 
deposited on cemented carbide substrates for a time of 1 hour at a 
temperature of 1000°C with a total flow rate of 3 1 min-1 and a TiC14 
mass flow rate of 20g/h0ur, Sadahiro et al ( 56 l found that as the H:21Nz 
ratio was increased from zero the coating thickness initially 
increased, reaching a maximum at a H:2/N2 ratio of "'2/3, and then 
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decreased with further increase in H2;N2 ratio. In addition to its 
effect an coating thickness, the H2;N2 ratio has also been found by 
Naik(78 ) to affect the appearance of chemically vapour deposited TiN 
coatings. The TiN coatings in Naik' s work were deposited an cemented 
carbide substrates at a temperature of 1080°C with TiC14 partial 
pressures of 0.04, 0.08 and 0.119 atrrospheres; low, rneditnn and high 
volume flCM rates, and H2/N2 ratios of 2, 4 and 6. It was found that 
the use of a Hz/N2 ratio of 2 led to the fonnatian of golden yellCM 
coatings for all combinations of values of the other deposition 
parameters employed. At lCM and rneditnn volume flCM rates, h::Mever, the 
higher H2;N2 ratios tended to give slightly brownish coloured 
coatings. Naik tentstively suggested that this could be due to the 
higher Hz/N2 ratios forming such partial pressures an the surface as 
to induce reaction of sane cartxm fran the substrate with the TiN to 
fonn Ti(C,N), it being known that Ti(C,N) with a canpositian (wt.%) 
95% TiN/5% TiC is brownish yellCM in colour( 59). An even greater 
effect was noted with a Hz/N2 ratio of 6 and a high volume flCM rate; 
the surface of the coating an the top half of the substrate being 
found to be purplish-violet in colour, whilst that an the bottan was 
golden brCMn. Since it is known that Ti(C,N) with a canpositian (wt.%) 
of 85% TiN/15% TiC is red-violet in colour( 59), Naik suggested that 
this effect could be due to the higher volurne flow rate increasing the 
amount of carbon reacting from the substrate. His alternative 
explanation was that during ccoling down, excess TiC13 could fonn an 
incanplete reaction product TicrnC 79 >, and eo-deposit with the TiN an 
the surface of the coating. 
Turning OCM to the small arrount of work carried out investigating the 
effect of N2/TiC14 ll'Ole ratio an the CVD of TiN coatings. For TiN 
coatings chemically vapour deposited an TiC-coated cemented carbide 
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substrates (deposition temperature 1050°C, H2;N2 ratio 1, total flow 
rate 0.5 1 min-1 ), Kim and arun( 25 l found that as the N2/TiC14 nole 
ratio was increased fran "' 13 * to "'33* (by decreasing the TiC14 partial 
pressure fran 0.037 to 0.015 at:rrospheres - see Section 2.2.5), the 
deposition rate decreased and there was an accanpanying decrease in 
the preferred orientation of the {220} planes and an increase in the 
surface grain size of the TiN ooatings. In their ~rk (deposition 
temperature 1000°C, total flow rate 3 1 min -l) Sadahiro et al (56 ) 
established that as the N2/TiC14 mole ratio was increased from a 
value of "' 8 the lattice parameter of the TiN ooatings chemically 
vapour deposited on cemented carbide substrates initially increased, 
reaching a maximum at a nole ratio of "'30, and then decreased with 
further increase in nole ratio up to a value of"' 80. The ooatings 
deposited with an N2/TiC14 nole ratio near to 30 were said by Sadahiro 
et al to be stoichimetric, whilst those deposited with higher nole 
ratios were said to contain excess nitrogen. In contrast, for TiN 
coatings chemically vapour deposited on TiN substrates, Nickl et 
al(?S) found that variation of the N2/TiC14 nole ratio within the 
range 10-20 had no visible influence on TiN ooating canposition, the 
value of which was found to be TiN1. o3 • 
2.2.7 Effect of other process variables 
In addition to the major process parameters dealt with previously, the 
effect of the nitrogen source used( 20), the velocity of gas flow(?2), 
and reactor design and orientation ( 43 ) on the C\1D of TiN ooatings has 
also been investigated and will be dealt with here. 
* These figures have been calculated by the author and differ fran 
those quoted by Kim and Chun 
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TiN is normally chemically vapour deposited with N2 as the sole 
nitrogen source, the deposition reaction involved (quoted in the 
introduction to Section 2.1), being therm::ldynami.cally favourable at 
temperatures above 800-900°c. Unfortunately, according to 
sj(;strand< 20 l, TiN coatings thus obtained are generally found to have 
an undesirable structure consisting of coarse, columnar grains. 
However, he points out that by using NH3 as the ni t:rogen source it 
should be tnSSible to lower the deposition temperature considerably, 
and hence improve the coating structure, since the free energy of the 
deposition reaction: 
2 TiC14 + 2 Nfl:3 + ~ + 2 TiN + 8 HCl 
is much less, over the temperature range of interest, than that using 
N2 as the sole nitrogen source. Consequently, Sjostrand(ZO) 
investigated the use of NH3 as the nitrogen source in an attempt to 
obtain chemically vapour deposited TiN coatings with a desirable fine-
grained, isotropic structure. Using M20 cemented carbide substrates, 
he found that TiN coatings chemically vapour deposited using NH3 
(diluted with Nz) at low temperatures (600-700°C) gave very poor 
coating/substrata adhesion, which was attributed to insufficient 
diffusion bonding and to the large mismatch in coefficients of thermal 
expansion between TiN and cemented carbide. To overccrne this problem, 
Sjostrand employed a continuous deposition sequence: first a thin 
("' 1.5 ~m) TiC layer was chemically vapour deposited on the cemented 
carbide substrates at 1000-1050°C, followed immediately by TiN 
deposition at the same temperature using only N2 as the nitrogen 
source. After a short duration, the temperature was decreased to 650-
7000C and a small arrount of NH3 added to the N2 flow, the TiN coating 
then proceeding to grow at a high coating rate to the desired 
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thickness (6-8 \lffi). For canparison purposes, TiN coatings were also 
chemically vapour deposited in the same reactor at high temperatures 
using N2 as the sole nitrogen source. As previously, the M20 cemented 
carbide substrates employed were pre-coated with a"' 1.5 \l m thick TiC 
layer in order to make the subsequent canparisons meaningful. 
Sjootrand found that the TiN coatings deposited using N2 as the sole 
nitrogen source had a structure consisting of large columnar grains 
with a preferred growth orientation in the <111> direction. sane of 
these grains ran through the entire coating and had a width as large 
as 2-3 \lm. This sti:ucture was also reflected in the surface of the 
coatings, which consisted of large pyramidal "tops". Coating 
rnicrohardness was found to be <vl900 VHN. In contrast, the TiN coatings 
deposited using NH3 (diluted with Nzl as the nitrogen source were said 
by Sjostrand to have a very fine-grained structure (finer than that of 
the pre-deposited TiC layer) with no preferred orientation; the 
surface of the coatings exhibiting what Sjostrand described as "a 
characteristic dcmed sti:ucture". It must, however, be stated that the 
very fine-grained structure referred to by Sjostrand is not easily 
visible in the SEM micrograph of the coating fracture surface 
presented. Additionally, the coatings were found to be dense and free 
from porosity, with a microhardness of "'2400 VHN. Since no 
appreciable differences were detected between the lattice parameters 
of the TiN coatings deposited using N2 as the sole nitrogen source and 
those deposited using NH3 (diluted with N2 ), which was interpreted as 
indicating that their stoichianetry should be approx:imately the same, 
Sjostrand attributed the higher rnicrohardness of the latter to their 
finer grain structure. 
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With regard to the velocity of gas flow, 010 and Olun (72 ) investigated 
its effect on the thickness of TiN coatings chemically vapour 
deposited on cemented carbide substrates in two reactors of internal 
diameter 26 and 52 mn respectively. In both cases the thickness of the 
coating was found to increase linearly with increasing flow velocity 
(expressed as total flow rate/cross-sectional area of reactor). Since 
flow velocity is inversely proportional to reactor cross-sectional 
area, it follows that, for the same total flow rate, the flow velocity 
of the 26 mn internal diameter reactor =uld have been four times 
greater than that of the 52 mn internal diameter reactor. However, 
the thickness of the TiN coatings deposited in the former was found to 
be only 3.2 times greater than that of the coatings deposited in the 
latter. 010 and Olun explained this as follows: in the case of a 
hot-wall reactor, TiN can be chemically vapour deposited on the 
reactor wall as well as on the substrates. In the 26 mn internal 
diameter reactor, the distance between the substrates and the reactor 
wall is obviously shorter than in the larger reactor, and therefore 
the wall deposit =uld have had more influence. 
Finally, Peterson< 43 l noticed in his work on the CllD of TiN coatings, 
that with differences in reactor design and orientation, particularly 
between hxizontal and vertical reactors, there was a large variation 
in coating performance. Deposition rate, and consequently grain size 
and shape, were found to change with variations in convection current, 
particularly when the average velocity of the convection current was 
greater than or equal to the average velocity of gas flow through the 
system. 
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Figure 2 . 1 Lattice parameter of TiN as a function of nitrogen 
content (35) 
o,::t: 
4.5 
I -~ 
-0 _..,.o_......o 
o/o 
ZrN 
4 .6 
0/ 
_,o/ j 
4.4 
/o I - 0 - 6- c. - 0 J o .-o- o 
o .--o--
-o T iCO?o I CbN 
~o-o-o I o-......._~...._o -~-o-o~-0-o-o-o TiN 
...._o...._o I 
4.21----+---+- o...._ I 
t>-....... 0 
, ........... 0'-..... 
4 .11--f-- f------1f--~,--· r 
4.0 
0 20 40 60 80 100 
Concentration , mole percent 
Figure 2 . 2 Lattice parameter o f TiCxNY as a function o f mole 
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Figure 2 . 3 Section throug h rake s u r f ace of CVD Ti N c oated i nsert, 
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Figure 2 .4 Fracture surface of CVD TiN coating showing coating 
structure most often observed. SEM, X7000 , 
(a) As- coated insert, (b) Heat treated, coated insert (16) 
Figure 2 . 5 Typical region of rake surface of CVD TiN coating on an 
as-coated insert. SEM, X4000 (16} 
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Table 2 . 1 Mi c r oh a rdness values quoted for CVD TiN coatings in the 
literature 
Reference Indentor Load, Substrate Coating micro-_2 g material(s) hardness , kg rrm 
16 Vickers 25 As coated, PM 1801 ± 169 
BT42 grade HSS and 1831 ± 266 
16 Vickers 25 Heat treated, PM 1839 + 137 
BT42 grade HSS and 1881 + 127 
20 Vickers 200 Cemented carbide Fine-grained 2380±100 
Coarse-grained 1970±100 
25 
26 Vickers or Cemented carbide 2140 ± 44 
50 
38 Vickers 15 Tool steel 2430 
(DIN 1. 2080) 
39 Vickers 15 Tool steel 2428 ± 436 
(DIN 1. 2080) 
45 Vickers 50 High carbon steel, 2000 - 2400 
cemented carbide 
54 Vickers 50 Cemented carbide 2300 
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CHAPTER 3 
EXPERIMENTAL WORK AND RESULTS - CHARACTERISATION OF 
STANDARD DEPOSITION CONDITIONS CVD TiN COATINGS AND 
EFFECT OF PROCESS PARAMETERS ON CHARACTERISTICS OF 
CVD TiN COATINGS 
-- -------------------------· 
3. 0 EXPERIMENTAL VXJRK AND RESULTS - OIARACI'ERISATION OF STANDARD 
DEPOSITION CXlNDITIONS CVD TiN COA~ AND El'F'EL"'T OF PROCESS 
PARAMEI'ERS ON omRACI'ERISl'ICS OF CVD TiN COA~ 
As previously described in the .introduction to Olapter 2, and for the 
reasons given there, it was decided to begin the present YX:>rk by 
carrying out a preliminary characterisation of TiN coatings chemically 
vapour deJ;XJSi ted on the PM BT42 grade HSS inserts in the Plansee CVD 
reactor at Edgar All en Tools, under the standard de~i tion <Xlndi tions 
employed by them, utilising the characterisation procedure devised by 
Whittle( 16 ). This work, and the results obtained from it, are 
presented in the second section of this chapter. It is followed, in 
the third section, by the study of the effect of process parameters on 
the characteristics of TiN coatings chemically vapour deposited on the 
PM BT42 grade HSS inserts. First, however, it is pertinent to 
describe in sane detail the procedure used by Edgar Allen Tools to 
produce the CVD TiN coated FM HSS inserts. 
3 .1 Production of CVD TiN Coated PM HSS Inseets 
The procedure used by Edgar Allen Tools to produce the CVD TiN coated 
PM HSS inserts basically consists of three stages: production of the 
PM BT42 grade HSS inserts, CVD of the TiN coating and subsequent heat 
treatment of the coated inserts. Each of these three stages is 
described in detail belcw. 
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3.1.1 Production of BT42 grade HSS inserts 
The BT42 grade HSS inserts are manufactured by Edgar Allen Tools using 
their aforementioned, patented direct canpaction and sinteri.ng' PM 
route ( 11 ) . Prior to canpaction the water atanised, preallayed HSS 
powder employed is hydrogen annealed both to soften it and also to 
reduce its oxygen content. The annealed powder is then double-end 
pressed at a pressure of "' 500 MPa to give green compacts with 
prefonned clearance faces "' 14.9 nm square (on their top i.e. rake 
face) by "- 4.2 mn thick. The press used for this operation is shown in 
Figure 3 .1. The green cx:mpacts are then vacuum sintered to theoretical 
density in the sinteri.ng' furnace shown in Figure 3. 2. The sintering 
cycle used, which is carried out automatically and lasts for 
approximately 5 oours, is detailed below. 
1. Evacuate furnace to starting vacuum of 10-4 torr. 
2. Preheat to 900°C at 2sOc rnin -l. 
3 . Hold at 900°C for 10 rnins. 
4. Heat to sintering temperature of 1240°C at 5°C rnin-1 . 
5. Sinter at 1240°C for 1 hour. 
6. Insert gas quench to rcx::m temperature. 
After sintering, inserts fran representative positions within the 
sintering furnace are inspected with regard to density and 
microstructure. 01emical analysis is also carried out to ensure that 
their composition is within the limits specified for BT42 grade 
HSS ( 80 ) (see Table 3 .1 ) . At this stage the inserts are "' 13.1 rrm square 
(on their rake face) by "- 3 .6 mn thick. They are then surface ground on 
their rake and bottom surfaces only to conform to the dimensions 
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specified for SPUN 120308 inserts< 81 ), shown in Figure 3.3, and 
finally tumbled to round the cutting edges. For identification 
purposes, inserts at this stage of production will hereafter be termed 
'' as-sintered'' inserts. 
It is pertinent to note at this point that, except where otherwise 
stated, all the as-sintered inserts used in the present work were 
taken fran a single batch of inserts which had been sintered together 
and ground together and were produced from one consignment of 
prealloyed powder. 
3.1.2 CVD of TiN coating 
Prior to CVD of the TiN coating, the as-sintered inserts are cleaned 
in dilute nitric acid to remove any local oxidation marks and 
degreased in an organic sol vent. They are then loaded into the coating 
chamber of the Plansee CVD reactor, which is slxMn in Figure 3. 4 and 
illustrated schematical1y in Figure 3.5, where they are acccmrodated 
on a selected level/ levels. The coating procedure errployed consists of 
four stages: chamber purge, heating (plus soaking) , deposition and 
cooling. All operations required to initiate each stage are carried 
out manually and the wh:>le cycle takes approximately 9 hours. CVD of 
the TiN coating during the third stage is carried out using the 
standard reaction of titanium tetrachloride with nitrogen and hydrogen 
carrier gas quoted in the introduction to Section 2 .1. The titanium 
tetrachloride (TiC14 ) is supplied fran a reservoir (maintained at a 
constant temperature Of 50°C) and introduced into the coating chamber 
by the hydrogen carrier gas which also serves as a reductant. The 
standard deposition conditions employed by Edgar Allen Tools are 
specified in Table 3.2, along with the conditions pertaining to the 
second and fourth stages. These conditions, as indeed the coating 
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procedure itself, were recarrnended to Edgar All en Tools for the TiN 
coating of their HSS inserts by Plansee l'lletallwerk. Foll<:Ming coating, 
representative inserts from the selected level / levels of the coating 
chamber are inspected with regard to the thickness of their TiN 
coatings. The term ' as-coated' will, hereafter, be applied to inserts 
at this stage of production. 
3.1.3 Heat treatment of as-coated inserts 
The as-coated inserts are finally heat treated to harden and temper 
their FM BT42 grade HSS substrata. As previously mentioned in Olapter 
1, this is necessary in the case of HSS tools coated by CVD due to the 
det:esi tion temperature employed exceeding their tempering temperature 
but being below their austeni tising temperature. 
In order to prevent oxidation of the TiN coating, heat treatment of 
the as-coated inserts at Edgar Allen Tools is carried out in a 
protective nitrogen atmosphere, using the modified vacuum heat 
treatment furnace shcwn in Figure 3. 6. 
described belCM: 
1. Preheat at 850°C for 10 mins. 
2. Second preheat at 1050°C for 10 mins. 
3. Austeni tise at 120<Pc for 7 mins. 
The procedure employed is 
4. Quench to 60°c within 35 mins and oold for 7 mins. 
5 . Double temper ( 2 x 1. 5 rours) at 550°C, quenching to 60° after the 
first temper and to rcx:rn temperature after the second. 
Following heat treatment the hardness of the HSS substrata of the 
coated inserts £ran different positions in the heat treatment fw:nace 
is checked on a Rockwell hardness testing machine. In order that 
42 
inserts at this stage of prcx:luction may be discriminated fran those 
previously defined, they will be referred to as 'heat treated, coated' 
inserts. 
Uncoated FM BT42 grade HSS inserts manufactured by Edgar Allen Tools 
have also been used in the present work (see Olapter 5) • These are 
simply as- sintered inserts directly hardened and tempered using the 
same furnace and exactly the same heat treatment procedure as detailed 
above. 
3.2 Characterisation of TiN Coatings Cllemically Vapour I?eposited 
Under Standard I?eposi tion Conditions 
As described in the introduction to this Olapter, this section deals 
with the characterisation of TiN coatings chemically vapour deposited 
on the FM BT42 grade HSS inserts in the Plansee CVD reactor at Edgar 
All en Tools, under the standard deposition conditions employed by them 
(Table 3. 2) . This characterisation was carried out with the inserts in 
their as-coated concli. tion, except in one instance (see Section 3. 2. 7 ), 
since it has previously been established by Whittle( 16 ) in his work on 
CVD TiN coated HSS inserts (see Section 2 .1 ) , that the obligatory, 
post-coating HSS substrate heat treatment does not materially affect 
the characteristics of the TiN coatings. 
It is important to note that all the as-coated inserts used in this 
characteristion were fran a batch of 50 as-sintered inserts coated in 
one run in the Plansee CVD reactor. During this coating run, readings 
were taken at 5 minute intervals of N2 and Hz inlet gas pressures, 
TiC14 bath temperature , N2 , H2 and H2 (TiC14 ) gas flow rates and 
reactor temperature (from the top, middle and bottom temperature 
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controllers, fran the chart recorder and fran a digital the.nrcrneter ) . 
If any deviation from the desired values were noted, they were 
inrnediately canpensated for. With regard to reactor temperature, the 
reading of the digital therm:::meter was taken as indicating the actual 
deposition temperature. All of the readings taken during this standard 
deposition conditions coating run are sh:Jwn in Tabl e A1 .1 in Appendix 
1 at the end of this thesis. In addition, at the end of the coating 
run the amount of TiCl4 which had been used was determined by 
weighing; the value of 868g thus obtained then being used, together 
with the N2 gas flow rate, to calculate the N2/ TiCl4 mole ratio. This 
calCUlation is sh:Jwn in Appendix 2 at the end of this thesis, fran 
where it can be seen that the value of N2/ TiCl4 mole ratio thus 
detennined was 16.14. 
3.2.1 X- ray diffraction 
X-ray diffraction was first used to determine the preferred 
orientation and lattice parameter of the TiN coating on lx>th the rake 
and flank faces of fourteen of the fifty as-coated inserts. This work 
was carried out on a Philips X-ray set using a diffractaneter. A 
crystal norx:x::hranator was employed to ensure that only CuKo:1 radiation 
fran the copper target was present at the detector. 
As wi ll be described, preferred orientations were obtained using the 
rnethcxi developed by Whittle( 16 ) (see Section 2.1.1) i.e. by ccmparing 
the relative intensities of the reflections from the T~ coatings to 
th:>se fran a randanly oriented T~ powder sample. The CClllp)Sition of 
the T~ pc:Mder used is slxJwn in Table 3.3. The sample for X-ray 
diffraction was prepared by suspending the powder in vaseline in the 
proportion 4:1 by weight . X-ray spectra for this pc:Mder sample were 
then obtained using two different slit arrangements in the 
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diffractometer for reasons which will become clear later in this 
section. First, a 1° incident slit and a 1° receiving" slit were used 
and second a 1/ 4° incident slit and a 1° receiving slit were used. 
The spectra obtained for the pc:Mder sample under these two different 
slit arrangements were analysed separately. The integrated intensity 
of reflection for each family of planes was first determined by 
measuring" the area under the corresponding peak using a planlineter. 
The integrated intensity for the strongest reflection (the {200} 
planes) was then assigned a value of 100, as in the AS'IM pc:Mder 
file( 34 ), and relative intensities for the other families of planes 
obtained by dividing the area under the peak corresponding to the 
family of planes under consideration by the area under the peak 
corresp0nding to the {200} planes and then multiplying by 100. As 
shc::Mn in Figure 3. 7, the relative intensi ties for the TiN I;XJWder thus 
obtained for the tv;o different slit arrangements used were found to be 
virtually identical and also to correspond very well indeed to th::>se 
quoted for TiN in the AS'IM I_XMder file ( 34) . 
X-ray spectra for the TiN coating on the rake and flank faces of the 
as-coated inserts were obtained separately using the tv;o different 
slit arrangements referred to earlier; the 1° incident and receiving 
slits being employed in the case of the ooating on the rake face and 
the 1/ 4° incident and 1° receiving slits being employed in the case of 
that on the flank face. These oonditions were necessary in order to 
decrease the arrount of X-ray scattering resulting fran the different 
coating surface areas on the rake and flank face which could be 
exposed to the X-ray beam. Fran the spectra obtained for the ooating 
on the rake / flank face of a particular insert, the integrated 
intensity of reflection for each family of planes was first 
determined, as for the pc:Mder sample, by measuring the area under the 
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corresponding peak. Relative intensities were then obtained by 
dividing the area under the peak corre8p)nding to a particular family 
of planes by the area under the peak corresponding to the {200} planes 
of the TiN };XJWder sample, determined using the same slit arrangement, 
and then nrultiplying by 100. Finally, preferred orientation in the 
coating was identified by canparing the relative intensities thus 
obtained to those of the randanly oriented p:JWder sample. It was found 
that the TiN coating on the rake face of each of the as-coated inserts 
examined exhibited a similar degree of preferred orientation as did 
that on the flank face. Typical relative intensities for the TiN 
coating on the rake and flank faces of the as-coated inserts, canpared 
to those for the randanly oriented TiN pc:Mder are shcMn in Figure 3.8. 
Lattice parameters were determined by measuring the angle e for each 
reflection on the spectra for a particular sample and then using 
simple expressions derived fran Bragg' s law to calculate values of 
lattice parameter 'a' for each reflection 'hkl ' . By plotting a graph 
of these ahkl values versus the function of e developed by Nelson and 
Riley( 82 ) for minimising possible errors caused, for example , by 
absorption, the rrost accurate value for the lattice parameter rould 
then be found as the value of ahkl at e = 90°. 'Ihis was actually 
carried out on a Apple II microccmputer using a linear regression 
analysis program which essentially fitted the best straight line to 
the experimental values and then extrapolated it to determine the 
value of ahkl at e = 90°. The values of lattice parameter thus 
obtained for the TiN coating on the rake and flank faces of the as-
coated inserts (and the TiN _powder sample) are sumnarised in Table 
3.4. 
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Before prcx::eeding to describe the rest of the characterisation v.Drk 
carried out on the standard deiX>si tion conditions TiN coatings, it is 
pertinent to point out that all the as-coated inserts used were taken 
fran the group of fourteen whose TiN coatings had been analysed by x-
ray diffraction. The purpose of this was to ensure that, at least 
with regard to crystal structure, the coatings were essentially the 
same, and thus that the results obtained using the different 
characterisation techniques would be truly canparable . 
3. 2. 2 Elemental analysis 
As described in Section 2.1.2, in his work on chemically vapour 
deposited TiN coatings Whittle< 16 ) used AES to investigate 
canposi tional variations through the coating and coating/ substrate 
interface. Consequently, AES was also employed in the present work to 
obtain a composition-depth profile through both the TiN coating and 
coating/ substrate interface of one of the as-coated inserts, with the 
recently introduced ball-cratering technique employed to eliminate the 
problems associated with the sequential renoval of surface layers by 
argon-ion banbardment, referred to earlier in Section 2 .1.2 . 
This technique basically involves using" a rotating", spherical steel 
ball coated in fine dianond paste to grind a crater in the surface of 
a sample. The ball is lightly loaded and hence the depth of the 
abrasive wear marks produced in the crater are generally less than the 
diameter of the diarrond paste used. This is important since the final 
surface roughness determines the depth resolution subsequently 
attainable. A schematic diagram of a ball crater in the surface of a 
coated sample is shown in Figure 3. 9. With reference to this figure, 
since the radius of the ball ( R) detennines the CUIVature of the 
crater, its total depth (d) can be simply calculated using the 
fonnula: 
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where n2 is the diameter of the crater. It is relevant to note at this 
:pJint that the ball-cratering technique also provides a reasonably 
accurate, convenient 'non-destructive' method of detennining coating 
thickness. Again with reference to Figure 3 . 9, it can be sh:::Mn using 
simple gecmetry that coating thickness (t ) is given by the expression: 
where n1 is the diameter of the exposed subs trate sur£ace and the 
other symbols are as previously defined. 
In the present oork, a 30 mn diameter steel ball coated in 1 lJm dianond 
paste was used to produce a crater approximately 20 l.lm deep on the 
rake face of the as-coated insert to be analysed. After ball-cratering 
the insert was cleaned in methanol follo.ved by acetone. It was then 
mounted in a 10 KeV scanning Auger Electron Spectrometer and its 
surface again cleaned, this time by argon ions, to re.nove any residual 
at:nospheric contamination and oxidation. The electron analyser was 
then turned to the Auger peak of a particular element (e.g. titanium ), 
the incident electron beam noved across the crater, and the variation 
of the particular Auger peak chosen, with PJSi tion, recorded. Similar 
line scans were taken for several other elements in order to 
accurately locate the coating/ substrate interface and the edge of the 
crater, the latter being located by the change in amplitude of the 
total secondary electron current which occurs at the crater edge due 
· to the change in curvature. The length of the relevant part of the 
line-scans was then correlated with crater depth using the expression: 
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where y is the depth of the crater at lateral distance x fran its edge 
and the other symbols are defined previously. This enabled various 
points along the line-scans, corresponding to different crater depths, 
to be selected for analysis. Full-specb:um analysis was subsequently 
carried out at each of these points (i.e. depths ) with simultaneous 
argon-ion bc:rnbardment at a slow erosion rate to prevent the adsorption 
of water vapour fran the residual gases in the vacuum system. The 
results thus obtained for the as-coated insert, which were quantified 
using Ti, Ti02 and TiN powder standards ( the latter being a sample of 
the TiN pc::Mder employed in the X-ray diffraction ~rk - see Section 
3. 2. 1 ) are presented in Figures 3. 10 and 3. 11. 
3.2.3 Optical microscgpy 
It was ooted in Section 2.1.3 that optical microscopy has previously 
been employed principal! y to investigate coating microstructure, the 
presence or absence of diffusion layers in the substrate adjacent to 
the coating/ substrate interface and to a lesser extent to detennine 
coating thickness. It was intended, with the exception of the fanner, 
that, using the preparation technique developed by Whittle ( 16 ), it 
~uld be employed for the same purposes in the present ~rk. 
To this end ~ of the as-coated inserts were first sectioned using a 
diarrond impregnated slitting saw. One half of each insert was then 
rounted in Buehler 'Epanet' ( a proprietary rounting meditnn containing 
hard particles, designed to give gcod edge definition and flatness) 
and successively polished on five cast iron lapping plates, 
impregnated with 15, 9, 6, 3 and 1 1.1m diarrond canpound respectively, 
for a period of at least one hour per plate under a load of 
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approximately 2 kg. When a reasonable polished section had been 
achieved on the 1 ~m lap, the samples were vibratory r:;olished an a 
napless nylon cloth impregnated with 3 ~m diarrond c:x:mpJum:i, until all 
the surface damage remaining fran the final lapping operation had been 
renoved, this stage n:):r:mally taking 6-7 days . They were then finish 
vibratory polished, again on a napless nylon cloth but this time 
impregnated with 1 ~m diarrond canpound and then given a final r:;olish 
on a Sel vyt cloth using a suspension of 0. 05 ~ m y -alumina pc:Mder in 
water. 
The p:)lished cross-sections thus produced were then etched in 5% ni tal 
and a relatively high magnification optical examination made of the 
bulk microstructure of the PM BT42 grade HSS substrate and its 
microstructure adjacent to the coating/ substrate interface on both the 
rake and flank surfaces of the as-coated inserts. This examination was 
carried out on a Reichert MeF2 microscope, this microscope being used 
for all the optical microscopy carried out in the present work. 
Typical microstructures observed are shown in Figure 3 .12. In 
addition, the thickness of the TiN coating on the rake and flank faces 
of both of the as-coated inserts was measured optically, using the 
micraneter eyepiece oormally used for microhardness testing an the 
Reichert MeF2. 'IWenty readings were taken to determine each value, 
the results obtained being sumnarised in Table 3. 5. 
3.2.4 Fractography 
As described in Section 2 .1.4, many previous investigations of 
chemically vap::>ur deposited TiN coatings have involved the use of 
fractography to examine coating grain structures. It was also employed 
for this purpose in the present v..ork. Following the method devised 
by Whittle ( l6 ) , a diarrond impregnated slitting saw was first used to 
cut a deep ( "' 2. 9 nm) central slit in the oottan of the two as-coated 
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inserts to be examined. The inserts were then fractured using a 
specially designed fixture in which their lower half was clamped 
whilst a unifonnl y distributed load was applied to their upper half, 
causing fracture to occur evenly along the central slit; the use of 
this fixture generally (although not always) leading to the attainment 
of consistent coating fracture surfaces. The two pieces of each 
fractured insert thus produced were then sputtered with gold and their 
rake face coating fracture surfaces examined on an SEM. It was found 
that the grain structure of the TiN roating was essentially the same 
on both inserts in addition to being unifonn alonJ its length. The 
fractographs presented in Figure 3 .13 show the typical TiN coating 
grain structure observed for the ~ inserts. 
3.2.5 Surface condition assessment 
Two techniques have been used by previous workers, including 
Whittle< 16 ), to assess the surface condition of chemically vapour 
deposited TiN coatings (see Section 2 .1. 5) : profilanetry and scanning 
electron microscopy. 
present work. 
They were thus also adopted for use in the 
A Talysurf 10 was first used to investigate the surface roughness of 
two as-coated inserts on ooth their rake and flank faces. On the rake 
face, ~ Ra (roughness average) readings were taken on each of five 
evenly divided sampling lengths parallel to one of the cutting edges 
and on five similar lengths perpendicular to the fo:rmer five lengths. 
On the flank face, however, because of the snaller area, only one Ra 
reading was taken on each of five evenly divided sampling lengths 
running down the flank face normal to the cutting edge and two 
readings on each of three lengths parallel to the cutting edge. The 
reason for taking so many readings was to determine the consistency of 
the surface roughness of the TiN coating on the rake and flank faces. 
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The Ra values thus obtained for the two as-coated inserts are 
summarised in Table 3.6. In addition, typical Talysurf traces of the 
surface of the TiN coating on the rake and flank faces of one of the 
as- coated inserts are shown in Figure 3.14. The two as- coated inserts 
were then cleaned and sputtered with gold and the surface of the TiN 
coating on their rake and flank faces examined on an SEM. Micrographs 
of typical regions are shown in Figure 3 .15. 
3.2.6 Microhardness tests 
It was previously mentioned in Section 2.1.6 that microhardness tests 
have been used exclusively to detennine the hardness of chemically 
vapour deposited TiN coatings, with both Knoop and Vickers indentors 
employed in these tests. As also described in Section 2 .1. 6, two 
methods have been used to reduce the errors associated with the 
greater relative depth penetrated by a Vickers indentor; increasing 
coating thickness and the generation of low-angle taper sections. The 
latter meth::xi was employed by Whittle ( 16 ) and was also selected for 
use in the present work. 
Consequently, each remaining half of the two as- coated inserts 
previous! y slit for micro-examination (see Section 3 . 2. 3) were first 
nnunted in Buehler 'Epanet' with their rake face at an angle of 5. 6° 
to the base of the nnunt. The nnunt was then ground parallel to its 
base, thus obliquely sectioning the coatings and 'mechanically 
magnifying' their thickness by a factor of 10. This sequence of 
operations is illustrated schernatically in Figure 3 .16. The low-angle 
taper sections thus produced were then lapped and IXJlished using the 
procedure previously detailed in Section 3 . 2.3. 
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The mi.crohardness tests were actually carried out on the Reichert MeF2 
microscope previously employed in the optical mi.croscopy w::>rk, using a 
Vickers indentor with a load of 25g applied for a duration of 5 
seconds. An investigation of the variation in TiN coating 
microhardness with distance fran the coating/ substrate interface was 
first carried out on each of the taper sectioned samples to locate the 
region in which truly representative microhardness values could be 
obtained. The variation detennined for one of the TiN coatings is 
slx:Mn in Figure 3.17. This is typical and it can be seen that once a 
certain distance fran the coating/substrate interface is reached, a 
plateau exists on which the microhardness does lX)t vary significantly. 
Consequently, all subsequent microhardness measurements were taken in 
the centre of this plateau, with twenty five measurements being made 
on each coating. The results thus obtained for the TiN coating on the 
rake face of the tw::> as-coated inserts investigated are sunmarised in 
Table 3.7. 
3.2.7 Adhesion tests 
As described in Section 2 .1. 7, Whittle ( 16 ) employed the scratch test 
to assess TiN coating/ substrate adhesion in his work and it was 
similarly used in the present VK:>rk . 
The scratch tester employed is slx:Mn in its 1 rest 1 and 1 scratch test 1 
p:>sitions in Figures 3.18 and 3.19 respectively. A rrore detailed view 
in the latter p:>sition shcwing the stylus and insert under test is 
given in Figure 3.20. In carm:::>n with previous ~rk the stylus used in 
the scratch tester in the present work was a Rockwell C-scale diarrond 
indentor with the tip gecmetry sh:Jwn in Figure 3.21. It was held in a 
shaft which, during scratch testing, was located in a recirculating 
ball bearing designed to minimise friction whilst still providing high 
rigidity and p:>si tional accuracy. The bearing itself was held in an 
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ann, pivoted on ~ needle bearings to enable it to be ~ into the 
rest position (see Figure 3 .18), with a stop visible in Figure 3. 20, 
provided to position the ann for scratch testing. Integral with the 
sha£t oolding the stylus was a load platform (see Figure 3.18 ) on 
which weights could be placed (see Figure 3.19 ) , the stylus assembly 
itself having a mass of 0. 5 kg. The range of weights available 
allowed the stylus load to be increased fran a minimum of 0. 5 kg to a 
maximum of 12 kg in 0 .1 kg increments. The table on which the coated 
inserts were located and clamped during scratch testing (see Figure 
3. 20) was a ccmnercial cbuble-ax.is rrotion unit with a maximum travel 
in both directions of 10 mm. It could be moved manually in a 
direction normal to the scratch direction by means of a threaded 
shaft, which, together with the insert location and clamping 
arrangements, is shown Figure 3. 20. A 6V OC electric rrotor with a 
pc:JWer rating of 8W at 5000-6000 rpn was used to drive the table in the 
scratch and return directions through a 4-pile epicyclic gear train 
providing successive reductions in speed of 6: 1 , 5: 1 , 4: 1 and 3: 1 (see 
Figure 3 .18) . The direction of the rrotor ( and hence the table) was 
controlled by a 3-way switch, whilst a variable resistor was used to 
control the speed of the rrotor, enabling the scratch ( i.e. table ) 
speed to be infinitely varied over the range 0 to 12 nm min-1 . Two 
limit switches, one of which is visible in Figure 3. 20, were used to 
stop the rrotor when the maximum table travel had been reached in 
either the scratch or return directions. 
For TiN coatings physically vapour deposited on steel substrates, as 
previously described i n Section 2.1.7 , the critical load during 
scratch testing has been found to increase with both increasing 
coating thickness and substrate hardness. Since the hardness of the 
HSS substrate of as-coated inserts has, oot surprisingly, previously 
been established to be considerably lower than that of heat treated, 
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coated inserts< 16,l7 ), it was decided that the m::Jst meaningful results 
would be obtained in the present work if the scratch tests were 
carried out on heat treated, coated as opposed to as-coated inserts. 
Consequently, two of the as-coated inserts whose TiN coating had 
previously been characterised by X-ray diffraction (see Section 3.2.1) 
were heat treated to harden and temper their HSS substrate using the 
procedure described earlier in Section 3 .1. 3. In view of the previous 
findings referred to above, it also seemed prudent, prior to scratch 
test:i.n_;r, to actually determine the thickness of the TiN coating on the 
rake face of these twJ heat treated, coated inserts and the hardness 
of their HSS substrata to ensure that there were no significant 
differences which would invalidate canparison of the scratch test 
results obtained for each of them. Ball cratering (see Section 3.2.2) 
was used to determine the former, whilst Vickers hardness tests 
performed on the area of HSS substrate thus exposed were used to 
detennine the latter. The values obtained for the twJ heat treated, 
coated inserts, stnm in Table 3 . 8, can be seen to be aJ..nost the same. 
Finally, the direction in which the rake face of each of the inserts 
had originally been surface ground (see Section 3.1.1) was then 
detennined using optical rnicroscopy, after which scratch tests were 
perfonned on the U..O inserts using the procedure described below. 
The insert to be tested was first located and clamped on the scratch 
tester table such that the scratches would be made in the same 
direction as that in which its rake face had originally been surface 
ground. Using the drive m::Jtor and threaded shaft, the table was ll'OVed 
to the start position (corresponding to the top left hand corner of 
the insert as viewed in Figure 3.20) and the stylus assembly inserted 
in the bearing in the pivoted arm so that the stylus tip was resting 
on the surface of the TiN coating. A 0. 5 kg weight was then placed on 
the load platform (giving a stylus load of 1 kg), the variable 
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resistor adjusted to gi ve a scratch s:peed of 10 mn min- l (the same 
speed as used in the majority of previous investigations) and the 
drive motor engaged making a scratch 9 mm long on the surface of the 
TiN coating. The appl ied wei ght and the styl us assembly were then 
rerroved, the styl us tip cleaned, the pivoted ann swung into the rest 
posi tion and the table returned to its original position by reversing 
the direction of the motor . Using the threaded sha£t the table was 
then rroved a distance of 1 mn ( 1. 5 revolutions of the threaded shaft) 
ronnal to the scratch direction and the indentor assembly re- inserted 
in position in the pivoted ann. The stylus load was then increased by 
1 kg and a further scratch test carried out, this procedure being 
repeated up to a stylus load of 12 kg. 
With reference to the ancillary techniques employed by Whittle ( 16 ) in 
his v.Drk on the adhesion of chemically vapour deposited TiN coatings, 
and also used in other simil ar investigations (see Section 2 . 1 . 7), the 
scratches produced on the 'ThD heat treated, coated inserts were first 
examined on an optical microscope . The object of this examination was 
to inspect the scratch channels for any features which might indicate 
which load( s) had brought about canplete rerroval of the coating. For 
both inserts it was found that the scratch channels corresponding to 
stylus loads up to and including 10 kg were essentially of a uniform 
yellow appearance, but that at 11 kg sane silvery areas were visible. 
At a stylus load of 12 kg virtually the whole of the scratch channel 
appeared to be silvery in appearance. The two heat treated, coated 
inserts were then given an evaporated carbon coating and the scratch 
channels on them corresponding to stylus loads of 10, 11 and 12 kg 
examined on an SEM fitted with an energy dispersive X-ray analyser. 
The latter was used to obtain Ti and FeKa elemental maps. No 
significant differences were observed between the scratch channels on 
the two different inserts. SEM micrographs of a typical region of each 
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of the channels, tog'ether with the corresponding elemental maps, for 
one of the inserts ( insert 1, Table 3 . 8) are sh:Jwn in Figures 3 . 22 to 
3.24 respectively. 
Al tlx>ugh the results obtained fran this preliminary characterisation 
of TiN coatings chemically vapour deposited on the PM HSS inserts in 
the Plansee reactor at Edgar Allen Tools, under the standard 
deposition conditions employed by them, will be fully discussed in 
Cl1apter 6 (Section 6. 1) , it is pertinent at this point to pause to 
briefly consider their significance. Comparison of the 
characteristics of these standard deposition conditions TiN coatings 
with tlx>se previously determined for CVD TiN coatings, particularly by 
Whittle ( 16 ) but also by other investigators (see Section 2 .1 ) , clearly 
reveals the former to be inferior in several respects, rrost markedly 
with regard to grain structure . As described in detail in Section 2 . 2, 
it has previously been established that the process parameters 
employed during the CVD of TiN coatings (on to substrates other than 
HSS; principally cemented carbide) have a significant effect on 
coating characteristics. Consequently, it should be possible , on 
ccmpletion of the present study of the effect of process parameters on 
TiN coatings chemically vapour deposited on the FM HSS inserts in the 
Plansee reactor at Edgar Allen Tools (the first part of which is 
described in the next section), to recarrnend new deposition conditions 
which will lead to the attainment of TiN coatings with improved 
characteristics and, hopefully thereby, to CVD TiN coated PM HSS 
inserts with improved cutting performance . This is seen as providing 
practical justification of the initial decision made ( Q)apter 1 ) to 
extend the ..x::>rk already carried out on CVD TiN coatings on PM HSS 
cutting tool inserts, in collaooration with Edgar Allen Tools, by 
studying the effect of process parameters. 
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3.3 Effect of Process Parameters on Characteristics of CVD TiN 
Coatings 
This section is concemed with the study of the effect of process 
parameters on the characteristics of TiN a::>atings chemically vap:>ur 
dep:>si ted on the PM BT42 grade HSS inserts in the Plansee reactor at 
Edgar All en Tools. With reference to previous w::>rk on the effect of 
process parameters on CVD TiN a::>atings, sw:veyed in Section 2. 2, it 
was decided that the major process parameters to be investigated in 
the present work would be N2/ TiCl4 mole ratio, dep:>sition temperature 
and total flaw rate. With specific reference to the previous wo.rk on 
these three process parameters, detailed in Sections 2 . 2 . 6, 2. 2 . 3 and 
2.2 . 4 respectively, to the inherent physical limitations of the 
Plansee reactor and to the standard dep:>si tion conditions used by 
Edgar Allen Tools, N2/ TiCl4 mole ratios of 5 , 10, 15, 20 and 25 were 
selected for investigation at a a::>nStant dep:>si tion temperature of 
1050°C and a constant total flow rate of 5500 1 hr-l, whilst 
dep:>sition temperatures of 950, 1000 and 1050°C were selected for 
investigation at a a::>nstant N2/ TiCl4 mole ratio of 20 and a constant 
total flow rate of 5500 l hr-1 . Finally total flo.-~ rates of 2500, 
3500, 4500 and 5500 l hr-l were selected for investigation at a 
constant N2/ TiCl4 mole ratio of 20 and a constant deposition 
temperature of 1050°C. 
It was decided that the desired range of N2/ TiCl4 mole ratios could 
rrost simply and easily be achieved by changing the flaw rate of the N2 
reactant gas whilst maintaining the amount of TiCl4 used at a constant 
level. On its own, however, this would of course have caused 
deviations in the total flow rate of the reactant plus carrier gases 
fran the desired constant value of 5500 1 hr -l (equal to the total 
flow rate under the standard dep:>si tion oondi tions employed by Edgar 
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Allen Tools - see Table 3.2). Consequently, it was further decided to 
compensate for the changes in N2 flow rate by appropriately adjusting 
the flow rate of the H2 gas which is mt bubbled through the TiC14, so 
that the total flow rate was maintained oonstant at 5500 1 hr -l. 
Obviously achieving the desired range of deposition temperatures 
presented no problem. In the case of total flow rates, the range of 
desired values were to be achieved simply by pro-rata changes in the 
flow rate of all the gases. 
Fran several trial coating runs carried out in chamber number 4 of the 
Plansee reactor it was found that, for a constant TiC14 bath 
temperature of 50°C and a constant flow rate of H2 carrier gas 
bubbling through the TiC14 of 1875 1 hr-
1 (standard deposition 
conditions used by Edgar All en Tools - see Table 3. 2), the average 
arrount of TiC14 used during the standard one hour coating period was 
900g. This value, which compares favourably with the value of 868g 
determined for the standard dep:>si tion conditions coating run (see 
introduction to Section 3. 2), was therefore used to calculate the 
values of N2 flow rate required to give the desired range of N2/TiC14 
mole ratios. These calculated values are shown in Table 3. 9, whilst an 
example of the manner in which they were calculated is presented in 
Appendix 3 at the end of this thesis. The corresponding flow rates of 
t he H2 gas which is not bubbled through the TiCl4 , necessary to 
maintain the total flow rate at 5500 1 hr-l as previously described, 
are shown in Table 3.10. 
Table 3.10 in fact shows the complete set of deposition conditions for 
each of the coating runs carried out to investigate the effect of 
Nz/TiC14 mole ratio, deposition temperature and total flow rate. Fifty 
as-sintered inserts were coated in each run and all the coating runs 
were carried out in either chamber m.nnber 4 or number 2 of the Plansee 
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react or utilising only level 2; the procedures for heating t o, 
soaking at and cooling fran the required deposition t emperature being 
kept the same as those nonnally used by Edgar Allen Tools (see Table 
3.2). As previously, during each coating run readings were taken at 5 
minute intervals of N2 and H2 inlet gas pressures, TiC14 bath 
temperature; N2 , H2 and H2 (TiC14 ) gas flow rates and reactor 
temperature ( fran the top, middle and tottan temperature controllers, 
fran the chart recorder and fran a digital therm:meter ) . If any 
deviations fran the desired values were noted, they were inmediately 
c:arpensated for. All of the readings taken during each coating run are 
shown in Appendix 1. Finally, at the end of each coati.n;1 run the 
arJX)unt of TiC14 which had been used was determined by weighing, and 
the value thus obtained used, together with N2 gas flaN rate , to 
calculate the actual N2/ TiC14 mole ratio achieved, using the procedure 
illustrated in Appendix 2. These c alculated mole ratio values are 
shown in Table 3.11. 
As described below, the CVD TiN coatings on the PM HSS inserts 
obtained fran the ten coating runs carried out (only one run was 
carried out with an N2/ TiC14 mole ratio of 20 at a deposition 
temperature of 1050°C and total flaN rate of 5500 1 hr -l, since these 
deposition conditions are camon to the three investigations ) were 
then characterised, using essentially the same procedures described in 
detail in Section 3.2, in order to determine the effect of the 
variations in the three process parameters studied. TvK> points sh::>uld, 
h::lwever, be noted. First, only the TiN coating on the rake face of the 
inserts was characterised, since in the case of the standard 
deposition conditions TiN coatings, no significant differences in the 
characteristics of the coatings on the rake and flank faces of the 
coated inserts had been detected (see Section 3. 2) . Second, for the 
reasons previously explained in the introduction to Section 3.2, the 
characterisation of the TiN coating on the rake face of the inserts 
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fran the ten coating runs (as for the standard deJ;X>si tion candi tions 
TiN coating) was carried out with t he inserts in their as-coated 
oondi tion, except in one instance (see Section 3. 3. 5 ) • 
3.3.1 Effect of N2/Ticl4 mole ratio, deposition temperature and total 
flow rate an TiN coating thickness 
The thickness of the TiN coating on the rake face of ten inserts £ran 
each of the ten coating runs carried out was first determined 
utilising the ball-cratering technique previously described in Section 
3. 2. 2. The range of TiN coating thickness values thus determined for 
each coating run are shown in Table 3.12. Additionally, the maximum, 
minimum and average values of TiN coating thickness are presented in 
Figures 3.25, 3.26 and 3.27. These figures respectively shcJw the 
effect of N2/ TiC14 mole ratio, deposition temperature and total flow 
rate on TiN coating thickness. 
3.3.2 Effect of N2/TiC14 roole ratio, deposition tenperature and total 
flow rate an preferred orientation and lattice parameter of TiN 
coatings 
Seven of the ten as-coated inserts from each coating run whose TiN 
coating thickness had been detennined by ball-cratering, were examined by 
X-ray diffraction using the methods described earlier in Section 3.2.1, 
in order to determine the preferred orientation and lattice parameter of 
their TiN coatings. For each individual coating run, no significant 
differences were found to exist between the relative intensi ties 
determined for the TiN coating on the rake face of the seven inserts 
examined. Typical relative intensi ties obtained for the TiN coatings on 
the rake face of the inserts fran each of the coating runs are stx:Jwn in 
Figures 3.28, 3.29 and 3.30, in canparison to those for the randanly 
oriented TiN p::lWder. These figures illustrate the effect of N2/ TiCl4 nole 
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ratio, deposition temperature and total flow rate respectively. 
Similarly, the lattice parameter values determined are sumnarised in 
Figures 3.31, 3.32 and 3.33, with the maximum, minimum and average values 
being stown in each case. 
Before going on to describe the rest of the characterisation ~rk 
carried out, it is pertinent to p::>int out that all the TiN coated 
inserts fran each coating run used in this ~rk were taken fran the 
batch of seven referred to above, wl'nse rake face coating had been 
analysed usin;J X-ray diffraction. 
3.3.3 Effect of N2/Ticl4 nx>le ratio, depc?siticn terrpera.ture and total 
flCM rate on TiN coating CCilJ?OSi tion 
As in the earlier characterisation (see Section 3 . 2. 2), AES was used to 
investigate TiN coating composition, utilising the ball-cratering 
technique employed previously. Hc:Mever, instead of carrying out full 
spectrum analysis at a large number of points to determine complete 
composition-depth profiles through both the TiN coating and 
coating/ substrate interface as had previously been the case, only 
titanium, nitrogen, carl:::xJn and oxygen analyses were carried out at three 
points in the coating. The reason for this is simply that to have 
follc::Med rx>rmal procedure in this instance ~uld have been prohibitively 
expensive. With reference to the canposi tion-depth profile determined for 
the standard dep::>si tion conditions TiN coated insert (in its as-coated 
condition), shown in Figures 3.10 and 3.11, the three points chosen for 
analysis were the centre of the coating, a point in the coating near to 
its surface and a p::>int in the coating near to the coating/ substrate 
interface, but which was not in the coating/ substrate diffusion zone. 
The TiN coating on the rake face of one insert fran each coating run was 
analysed in this way; the results obtained, which were quantified as 
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before (see Section 3. 2. 2 ) , are shcwn in Figures 3 . 34, 3. 35 and 3. 36. 
These figures illustrate the effect of N2/ TiC14 mole ratio, deposition 
temperature and total flCM rate on the ti tanit.nn, nitrogen and carlx:ln 
contents of t he TiN coatings respectively. The absence of oxygen 
contents £ran these three figures is indicative of the fact that oo 
oxygen was detected in any of the TiN coatings analysed. 
3.3.4 Effect of N2/ TiC14 mole ratio, depoSition tenperature and total 
flow rate an TiN coating/ substrate interface 
Two inserts fran each coating run were first sectioned and then one half 
of each mounted and polished using the techniques previously described in 
detail in Section 3. 2. 3. The polished samples were then etched in 5% 
nital and an optical examination made of the coating/ substrate interface, 
with particular attention being paid to the microst:Iucture of the FM BT42 
grade HSS substrate adjacent to this interface. Typical microst:Iuctures 
observed are shown in Figures 3.37, 3.38 and 3.39, illustrating the 
effect of N2/ TiC14 m:Jle ratio, dep:>sition temperature and total flCM rate 
respectively. 
In order to check the values of coating thickness previously detennined 
by ball-cratering (see Section 3. 3 .1 ), the thickness of the TiN coating 
on the rake face of both sectioned inserts fran each coating run was 
measured optically, with twenty readings being taken to obtain each 
value. The results obtained are Sl..UTillarised, alongside tlx>se detenni.ned 
by ball-cratering, in Table 3 .12. 
3.3.5 Effect of N2/ TiC14 mole ratio, deposition terrperature and total 
flow rate on TiN coating grain structure 
Although, as described in Section 3.2.4, the grain structure of the 
standard deposition conditions TiN coating had been satisfactorily 
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detennined by fractography with the TiN coated insert used in its as-
coated condition, WhittleC 16 ) had suggested fran the results of his 
work on CVD TiN coated PM HSS inserts that, to obtain truly 
representative coating grain structures using fractography, it was 
necessary to harden the HSS substrate before the coated inserts were 
fractured (see Section 2 .1. 4) . To err on the side of safety, bearing 
in mind the anount of 'VX)rk to be carried out to determine the grain 
structure of the TiN coatings fran each of the ten coating runs, it 
was decided to adopt the suggestion made by Whittle for this part of 
the present 'VX)rk. 
Consequently, ~ inserts fran each coating run were first heat treated 
to harden and temper their HSS substrate using the procedure described 
earlier in Section 3 .1. 3. They were then notched and fractured using the 
procedure previously described in detail in Section 3.2.4. The two 
pieces of each of the fractured inserts thus produced were then sputtered 
with gold and their coating fracture surfaces examined on an SEM. It was 
found, for each coating run, that the structure of the TiN coating on the 
two inserts examined was essentially the same, in addition to being 
unifonn along its length. Typical coating grain structures observed are 
shown in Figures 3.40, 3.41 and 3.42, illustrating the effect of N2/ TiC14 
mole ratio, deposition temperature and total flow rate respectively. 
3.3.6 Effect of N2/ TiC14 mole ratio, deposition temperature and total 
flow rate an surface roughness and surface grain structure of 
TiN coatings 
Using the method previously described in Section 3.2.5, a Talysurf 10 
was first used to investigate the surface roughness of the TiN coating 
on the rake face of ~ of the inserts fran each coating run. The 
roughness average ( Ra) values thus obtained are surrmarised in Tables 
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3.13, 3.14 and 3.15 . In addition, typical Talysurf traces of the 
surface of the TiN coating on one of the two inserts investigated fran 
each coating :run are presented in Figures 3. 43, 3. 44 and 3. 45. 
After cleaning and sputtering with gold, the surface of the TiN coating 
on the rake face of the two inserts £ran each coating :run used for the 
Talysurf measurements was examined on an SEM. Typical SEM micrographs of 
the surf'ace grain structures observed are sh!::wn in Figures 3.46, 3.47 and 
3.48, ill ustrating the effect of Nz/ TiCl4 mol e ratio, deposition 
temperature and total flow rate respectivel y . 
3.3. 7 Effect of N2/ TiC14 roole ratio , deposition temperature and total 
flow rate on TiN coat ing microhardness 
Using the procedure previously described in Section 3. 2. 6, low- angle 
taper sections were first produced utilising the remaining half of ooth 
of the coated inserts fran each coating run previously slit for micro-
examination (see Section 3. 3. 4) . An investigation of the variation in 
coating microhardness with dis tance fran the coating/substrate interface 
was then carried out, as before, on each of the taper-sectioned samples, 
to locate the region in which truly representative microhardness values 
could be obtained. The variation detennined for the TiN coating on one 
of the samples fran each of the coating runs is shown in Figures 3 . 49, 
3. 50 and 3. 51. These are typical and it can be seen that, as found 
previously (see Section 3. 2. 6), once a certain distance from the 
coating/ substrate interface is reached in each case, a plateau exists on 
which the microhardness does IX)t vary significantly. Consequently, all 
microhardnes s measurements were taken in the centre of these plateaux, 
with twenty-five measurements being made on each sample as before. The 
results obtained are surrmarised in Tables 3 .16, 3 .17 and 3 .18. 
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It is evident from these three tables that, f or each coati.rg nm, ro 
significant difference exists between the microhardness values determined 
for the TiN coating on the rake face of the t\.x) inserts investigated. 
Consequently, only the microhardness values for the TiN coating on the 
rake face of one of the two inserts investigated from each coating run 
have been plotted in Figures 3. 52, 3. 53 and 3 . 54 to slxM the effect of 
N2 / TiC14 mole ratio, deposition temperature and total flow rate 
respectively on TiN coating microhardness. 
3.3.8 Effect of N2/ TiC14 m le ratio , depc?s iticn t €1lJ)erature and total 
f low rate en adhesion of TiN coatings 
It had originally been intended to use the scratch test, by determining 
critical loads as previously (see Section 3.2. 7 ) , to study the effect of 
the three process parameters selected on the adhesion of the TiN coatings 
to the FM HSS substrates. Unfortunately, as is evident from Figures 3 . 25, 
3.26 and 3 . 27 respectively, variation of N2/ TiC14 mol e ratio, deposition 
temperature and total flo.v rate over the range studied in each case was 
found to cause significant changes in TiN coating thickness and, as 
previously described in Section 2.1. 7, the critical load during scratch 
t esting has been found to increase with increasing coating thickness. 
This effectively precluded any meaningful results being obtained by 
scratch testing in this area of the present ~rk, since it ~uld be 
impossible to separate the effect of variation of each process parameter 
on the TiN coating/ PM HSS substrate interface and thereby on 
ooating/ substrate adhesion and hence on the critical load measured in the 
scratch tes t, from its ooncanitant effect on TiN coating thickness and 
hence on critica l load in the scratch test. Consequently, albeit 
reluctantly, no scratch tests were carried out on the inserts from the 
ten coating runs. 
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The results obtained fran this study of the effect of N2/ TiC14 ITDle 
ratio, deposition temperature and total flow rate on the 
characteristics of TiN coatings chemically vapour deposited on the PM 
BT42 grade HSS inserts in the Plansee reactor at Edgar All en Tools, 
will, of course, be fully discussed in Chapter 6 (Section 6.2). 
Ho.vever, it is necessary at this juncture, for reasons which will 
becane self evident, to identify the TiN coating characteristics found 
to be most significantly affected by variation of the three process 
parameters studied. With reference to Figures 3. 25 to 3. 54 and Tables 
3.12 to 3.18, it is cl ear that these coating characteristics are the 
grain size, microhardness and thiclmess of the TiN coatings. 
Consequently, in-line with the ~-fold purpose of the present ~rk 
stated in Chapter 1, it was decided that the final part of the 
experimental work of this thesis ~uld be concerned with a study of 
the effect of these three TiN coating characteristics on the cutting 
performance of CVD TiN coated PM BT42 grade HSS inserts. This 
experimental work is described in Olapter 5 . First, hcwever, relevant 
previous ~rk on the cutting performance of CVD TiN coated cutting 
tools and on the effect of coating deposition conditions and ooating 
characteristics on the cutting performance of CVD ooated cutting tools 
is surveyed in Olapter 4. 
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SEM, (a) Rake surface, X2000; (b) Rake surface, X4000; 
(c) Flank surface, X2000; (d) Flank surface, X4000 
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Figur e 3.18 Scratch tester . ' Rest' position(l6 ) 
Figure 3 . 19 Scratch tester . ' Scratch test ' positi on(l6 ) 
Figure 3.20 Scratch tester. ' Scratch test ' position 
- detailed view (16) 
120° 
Figure 3 . 2 1 Tip geometry o f scratch tester 
stylus (Rockwell-C-scale diamond 
indentor) 
Figure 3 . 22 
(a) 
(b) 
a) SEM micrograph of scratch channel on heat 
treated, coated (standard deposition conditions) 
insert. Stylus load = 10 kg x 250 
b) TiK elemental map of area shown in (a) 
a 
(b) (a) (c) 
Figure 3 . 23 a ) SEM micrograph of scratch channel on heat treated, coated (standard deposition conditions) insert, 
stylus load = 11 kg x 250 
b) 
c ) 
TiK elemental map of area shown in (a) 
a 
FeK elemental map of area shown in (a) 
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(b) ( a ) (c) 
Figure 3 . 24 a) SEM mic r ograph of s cratch channe l on heat treated , coated (standard depositions conditions ) insert . 
Stylus load = \ 2 kg X 250 . 
b) TiK 
a 
e l e me nta l map of area shown in (a ) 
c ) FeK e l eme ntal map o f area shown in (a) 
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Figure 3.35 Effect of deposition temperature o n titani~, nitrogen and 
carbon contents of TiN coatings . (a) Near to surface of 
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Figure 3.37 Section s through rake face of inserts coated with TiN 
at differ ent N2/TiC14 mol e ratios . Etchant 5% nital, 
X750 (a) Nz/TiC14 mole ratio= 5 . 07 , (b) N2/ Ticl4 mole 
ratio= 9 .18 , (c) N2/ Tic l 4 mole ratio= 14. 79 
(d) 
(e) 
Figure 3 . 37 Section s t hrough rake fac e of inse rts coated with TiN 
a t differen t N2/ Ticl 4 mole r atios . Etchant 5% nital, X750 . (d) N
2
/ TiCl
4 
mole ratio ~ 1 9 .56 , (e ) N2/ TiCl4 mole ratio ~ 26.23 
(c) 
Figure 3.38 Sections through rake face of inserts coated with TiN at 
different deposition temperatures . Etchant 5% nital, X750 . 
(a) Depositi9n temperature = 9SO<>c, (b) Deposition tempera-
ture = 1000°C , (c) Deposition temperature = 1050°C 
Figure 3 . 39 
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Sections through rake face of inserts coated with 
TiN at different total flow rates. Etchant 5% nital , 
X7 50 . 
(a) Total flow rate 
(b) Total flow rate 
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Figure 3.39 Sections t hrough rake face of inserts coated with TiN 
at different total f l ow rates . Etchant 5% nital , X750 . 
(c ) Total f l ow rate = 4500 1 hr - 1 
(d ) Total flow r ate = 5500 1 hr-1 
(a) 
- ... - ·o.J·· · ~ :-\. ~~· 
Figure 3 . 40 
( e ) (f) 
N2/TiC1 4 mole ratio = 14 . 79 
Grain structure of TiN coatings deposited at different 
N2/TiCl4 mole ratios. SEM; (a) 1 (c) and (e) X2500; {b) 1 (d) and (f) X7000 
(g) (h) 
N2/TiC14 mole ratio = 19 . 56 
(i) (j} 
N2/ TiC14 mole ratio = 26 . 23 
Figure 3 . 40 Grain structure of TiN coatings deposited at different 
NiTiC14 mole ratios. SEM; (g) and Ul X2500 ; (h) and (j ) X7000 
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Deposition temperature = 950°C 
(c ) (d) 
De posi t ion temp e rature = 100 0°C 
( e ) (f ) 
Deposit ion temperature ; 1050°C 
Fi gure 3.41 Grai n structure of TiN coatings deposited at different 
temperatures. SEM; (a) , (c) and (e) X2500 ; (b ) , (d) a nd 
(f) X7000 
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Figure 3.42 Grain structur e of TiN coatings deposited at different 
total flow rates. SEM; (a) and (c) X2500; (b) and (d) 
X7000 
Figure 3 .42 
(e) (f) 
Total flow rate= 4500 1 hr-
1 
(g) (h) 
Total flow rate= 5500 l hr-
1 
Grain structure of TiN coatings deposited at different 
total flow rates . SEM; (e) and (g) X2500; (f) and 
(h) X7000 . 
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Figure 3 . 4 3 Typical Talysurf traces for TiN coatings deposited at differe nt N
2
/Ticl
4 
mole ratios 
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Figure 3 . 44 Typical Talysurf traces for TiN coatings deposited at different temperatures 
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Figure 3 . 46 Surface grain structure of TiN coatings deposited at different 
N2/ TiC1 4 mole ratios. SEM; (a) , (c) and (e ) X2000 ; 
(b) , (d ) and (f ) X4000 
(g) (h) 
N2/TiC14 mole ratio = 19.56 
(i) (j) 
N2/Ticl4 Mole ratio 26 . 23 
Figure 3.46 Surface grain structure of TiN coatings deposited at different 
N2/TiCl4 mole ratios. SEM; (g) and (i) X2000; (h) and (j) X4000 
(a) (b) 
Deposition temperature = 950°C 
(c) (d) 
Deposition temperature = 1000°C 
(e) (f) 
Deposition temperature = 1050°C 
Figure 3. 47 Surface grain structure of TiN coatings deposited at 
different temperatures. SEM; (a) , (c) and (e) X2000; 
(b) • (d) and (f) X4000 
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Figure 3 . 48 Surface grain structure of TiN coatings deposited at 
different total flow rates . SEM; (a) and (c) X2000; 
(b) and (d) X4000 
(e) 
Total flow rate = 4500 1 hr-1 
(f) 
(g) 
Total flow rate 5500 1 hr-l 
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Figure 3.48 Surface grain structure of TiN coatings deposited at 
different total flow rates. SEM; (e) and (g) X2000; 
(f) and (h) X4000 
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Table 3.1 Cbmposition of BT42 grade HSs(80) 
Olemical canpositions, wt.% 
c Si Mn er w V eo 
1.25- 0.40 0.40 3.75- 2.75- 8.50- 2.75- 9.0-
1.40 max. max. 4.50 3.50 9.50 3.25 10.0 
Table 3.2 Standard conditions used by Edgar Allen Tools for coating 
PM BT42 grade HSS inserts with TiN in the Plansee CVD 
reactor 
Gas flow rate, 1 hr-1 Time 
Stage Tempe:r:ature mins 
oc l>J: Hz H2(TiC14) N2 
Heating 0-1070 400 
Soaking 1070 400 45 
Deposition 1070 1850 1875 1775 60 
Cooling 1070-0 400 
* TiC14 reflux temperature = 50°C 
Table 3.3 Cbmposition TiN powder used in X-ray diffraction work 
Olemical canposition, wt.% 
Ti N o2 
79.8 18.37 400 ppn 
Table 3.4 Lattice parameter values obtained for TiN powder and TiN 
coating on rake and flank faces of as-coated (standard 
deposition cOOdi tions) PM BT42 grade HSS inserts 
Lattice TiN TiN =ating 
paraweter powder Rake Flank 
A 
Average 4.2330 4.2399 4.2378 
Maximum 4.2421 4.2384 
M:in:imum 4.2390 4.2372 
Standard 0.00087 0.00046 deviation 
Table 3. 5 Thickness of TiN =ating on, rake and flank faces of two as-
coated (standard deposi. tion conditions) PM BT42 grade HSS 
inserts 
Coating Insert 1 Insert 2 
thickness 
llffi Rake Flank Rake', Flank 
Average 10.04 12.74 9.88 12.25 
Maximum 11.51 15.40 11.44 13.93 
M:in:imum 9.34 10.27 8.64 10.27 
Standard 0.532 1.041 0.651 0.970 deviation 
--------------------------- ·- - --
~~--
Table 3.6 Surface roughness values for TiN coating on rake and flank 
faces of two as-coated (standard deposition conditions) FM 
BT42 grade HSS inserts 
Roughness 
average 
Ra (11m) 
Average 
Standard 
deviation 
Insert 1 
Rake Flank 
0.553 2.227 
0.840 2.800 
0.380 1.700 
0.116 0.350 
Insert 2 
Rake Flank 
0.452 2.030 
0.630 2.600 
0.320 1.600 
0.066 0.388 
Table 3. 7 Mi=hardness of TiN coating on two as-coated (standard 
deposition conditions) FM BT42 grade HSS inserts 
Microhar~ess 
kg nm 
Average 
Standard 
deviation 
Insert 1 
2045 
2198 
1868 
87 
Insert 2 
2047 
2198 
1868 
78 
Table 3.8 Thickness of TiN coating and hardness of HSS substrata of 
two heat treated, coated (standard deposition oonditions) 
FM BT42 grade HSS inserts used in s=atch tests 
Insert 1 
Insert 2 
coating thickness 
~m 
10.12 
9.92 
Substrata hardness 
HV30 
938 
950 
Table 3.9 Calculated values of N2 flow rate to give desired range of N2/TiC14 mole ratios 
Desired N2/TiC14 mole ratio 
5 
10 
15 
20 
25 
N2 flow rate 1 hr-1 
570 
1140 
1710 
2280 
2850 
Table 3.10 Deposition conditions used for coating runs carried out to 
investigate effect of (i) N2/TiCli mole ratio, ( ii) Deposition temperature and ( iii) Total low rate 
Run Desired Deposition TiCl4 Gas flow rate, 1 hr-1 Time 
no. N2/TiC14 temperature bath min. 
mole oc t~ N2 H2 H2(TiC14 ) Total 
ratio oc 
(i) N2/TiC14 mole ratio 
1 5 1050 50 570 3055 1875 5500 60 
2 10 1050 50 1140 2485 1875 5500 60 
3 15 1050 50 1710 1915 1875 5500 60 
4 20 1050 50 2280 1345 1875 5500 60 
5 25 1050 50 2850 775 1875 5500 60 
(ii) Deposition temperature 
6 20 950 50 2400 1225 1875 5500 60 
7 20 1000 50 1975 1650 1875 5500 60 
(iii) Total flow rate 
8 20 1050 50 1225 425 850 2500 60 
9 20 1050 50 1700 610 1190 3500 60 
10 20 1050 50 1775 1190 1535 4500 60 
Table 3.11 Airount of TiC14 used during each coating run and actual N2/TiCl4 mole ratio achieved 
Run Desired Airount of N2 flow Actual 
number N2;TiCl4 TiCl4 used, rate, N2/TiC14 
mole ratio g 1 hr-l mole ratio 
1 5 886 570 5.07 
2 10 979 1140 9.18 
3 15 912 1710 14.79 
4 20 919 2280 19.56 
5 25 857 2850 26.23 
6 20 994 2400 19.04 
7 20 725 1975 21.45 
8 20 480 1225 20.13 
9 20 634 1700 21.15 
10 20 755 1775 18.54 
Table 3.12 Comparison of TiN coating thickness values obtained by 
optical measurement and ball-cratering 
Average coating thickness, >tm Coating thickness 
Run (optical) range, 11m 
number (ball-cratering) 
Insert 1 Insert 2 
1 9.182 9.833 8.51-10.50 
2 11.545 11.142 10.61-12.60 
3 8.759 8.547 8.14-11.17 
4 6.820 6.756 7.31- 8.85 
5 6.566 6.572 5.64- 9.50 
6 2.524 2.564 2.33- 3.95 
7 3.959 3.848 4.30- 5.90 
8 3.336 3.343 3.33- 5.64 
9 4.100 3.584 3.86- 6.71 
10 4.640 4.594 5.30- 7.74 
Table 3.13 Surface roughness values for TiN coatings deposited at 
different Nz/TiC14 mole ratios 
N2/TiC14 
nnle ratio 
5.07 
9.18 
14.79 
19.56 
26.23 
Ave. 
0.629 
0.480 
0.560 
0.310 
0.383 
Roughness average, Ra (~m) 
Insert 1 
Max. 
0.780 
0.620 
0.730 
0.410 
0.500 
Min. 
0.460 
0.390 
0.370 
0.230 
0.280 
Ave. 
0.537 
0.411 
0.767 
0.340 
0.325 
Insert 2 
Max. 
0.680 
0.550 
1.200 
0.640 
0.540 
Min. 
0.380 
0.340 
0.350 
0.220 
0.230 
Table 3.14 Surface roughness values for TiN coatings deposited at 
different temperatures 
Deposition 
temperature 
oc 
950 
1000 
1050 
Ave. 
0.304 
0.384 
0.310 
Roughness average, Ra (I.Lm) 
Insert 1 
Max. 
0.390 
0.530 
0.410 
Min. 
0.230 
0.250 
0.230 
Ave. 
0.299 
0.302 
0.340 
Insert 2 
Max. 
0.370 
0.450 
0.640 
Min. 
0.210 
0.200 
0.220 
Table 3.15 Surface roughness values for TiN coatings deposited at 
different total flow rates 
Total flow 
rate 
1 hr-1 
2500 
3500 
4500 
5500 
Ave. 
0.242 
0.250 
0.299 
0.310 
Roughness average, Ra (~m) 
Insert 1 
Max. 
0.360 
0.300 
0.330 
0.410 
Min. 
0.200 
0.180 
0.260 
0.230 
Ave. 
0.287 
0.205 
0.263 
0.340 
Insert 2 
Max. 
0.400 
0.350 
0.320 
0.640 
Min. 
0.180 
0.150 
0.200 
0.220 
Table 3.16 Microhardness values for TiN coatings deposited at 
different N2/TiC14 mole ratios 
N2/TiC14 
mole ratio 
5.07 
9.18 
14.79 
19.56 
26.23 
Table 3.17 
Deposition 
Microhardness, kg mn-2 
Insert 1 Insert 2 
Ave. Mail:. Min. Ave. Mail:. 
4154 4787 3467 4230 4787 
2978 3190 2442 3083 3324 
2005 2128 1758 1993 2128 
1905 2128 1706 1826 1993 
1775 1993 1563 1774 1993 
Microhardness values for TiN coatings deposited at 
different temperatures 
Microhardness, kg mn-2 
temperature Insert 1 Insert 2 
oc 
950 
1000 
1050 
Table 3.18 
Total flow 
rate 
1 hr-1 
2500 
3500 
4500 
5500 
Ave. Mail:. Min. Ave. Mail:. 
834 1053 704 797 940 
1413 1549 1216 1374 1642 
1905 2128 1706 1826 1993 
Microhardness values for TiN coatings deposited at 
different total flow rates 
Ave. 
1430 
1808 
1993 
1905 
Microhardness, 
Insert 1 
Max. 
1600 
2116 
2115 
2128 
Min. 
1319 
1555 
1858 
1706 
kg mn-2 
Ave. 
1423 
1634 
1973 
1826 
Insert 2 
Mail:. 
1555 
1803 
2115 
1993 
Min. 
3782 
2833 
1758 
1656 
1609 
Min. 
678 
1186 
1656 
Min. 
1252 
1511 
1858 
1656 
CHAPTER 4 
CUTTING PERFORMANCE OF CVD COATED TOOLS, 
INCLUDING THE EFFECT OF COATING DEPOSITION 
CONDITIONS AND CHARACTERISTICS - PREVIOUS WORK 
4.0 Cl1IT1NG PE!lFORMANCE OF CVD COATED 'l'OOI.S, INCLUDING '!HE EiiFECr OF 
COATING DEPOSrrl:ON CONDITIONS AND owmci'ERISTICS - PREVIOOS OORK 
This chapter is divided into three sections. The first is concemed 
with previous studies of the cutting perfonnance of CVD TiN coated HSS 
tools, carried out pr:imarily, but not exclusively, to elucidate the 
effect of the TiN coating. As will be seen, such studies were found 
to be relatively few in number. Cbnsequently, a judicious selection 
of the work previously undertaken to determine the effect of CVD TiN 
coatings on the cutting perfonnance of cemented carbide tools has also 
been included in this chapter. It is dealt with in the second section. 
The third and final section of the chapter is concemed with previous 
investigations of the effect of coating deposition conditions and 
coating characteristics on the cutting performance of CVD coated 
tools. Due to the relatively small arrount of work carried out in this 
important area, this section has not been restricted to TiN coatings 
and both coated HSS and cemented carbide tools have been considered. 
Since constant reference to tool wear and built-up edge (bue) 
measurements will be made throughout this chapter, these measurements 
have been defined in Figure 4 .1. 
4.1 CVD TiN Coated H5S Tools 
Both the cutting perfo:rmance of PM HSS indexable inserts coated with 
TiN by CVD and that of other CVD TiN coated HSS tools will be dealt 
with in this section. Previous studies involving the former are, 
l:lCM'ever, obviously of nost direct relevance to the present work and 
hence will be considered first and in the greatest detail. 
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4.1.1 PM HSS indexable inserts coated with TiN by CIID 
Six investigations concerned with the cutting performance of CVD T:!N 
coated FM HSS indexable inserts were found. They were reported by 
Walker< 14) /Walker and DickinsorP5 ), Shanshal and Dugdale ( 83), Milovi.c 
et al(84 , 85 l, Whittle(l6 l;Smith and Whittle< 86,87 l, Maddison(8S) and 
Lee< 89 l. In all but one instance< 14• 15 l, the indexable inserts 
employed, either exclusively or predan:inantly, in those investigations 
were uncoated and CVD T:!N coated FM BT42 grade HSS inserts, confonn:!ng 
to rso(8l) designation SPUN 120308, manufactured by Edgar Allen Tools, 
Sheffield. 
1. Wa.lker(14 l /Walker and Dic:ki.nsoo.(1S) 
In their~ Walker/Walker and Dick:inson investigated the effect of a 
5-10 11m thick TiN coating (chemically vapour deposited in an 
experimental reactor) an the cutting performance of FM BT6 grade HSS, 
SPUN 120308 inserts. 'lW:> series of cutting tests were carried out in 
which uncoated and T:!N coated inserts were used to turn annealed EN' 8D 
steel oorkpiece material in the presence of a water-based ccolant, at 
a feed and depth of cut of 0.254 mn rev-1 and 2.5 mn :r:'espectively. In 
the first series of tests, performed at cutting speeds of 30, 45 and 
60 m min -l, turning was continued tminterrupted for a constant spiral 
cut distance of 45CAn, after which average flank wear land length, 
maximum crater depth and maximum bue height measurements were made. It 
sOOuld be mted that m values were reported for the uncoated inserts 
tested at the cutting speed of 60 m min -l, as they failed to achieve 
the specified spiral cut distance (only turning successfully for an 
average of ll5m). In the second series of cutt:ing tests, can:ied out 
at cutting speeds of 45 and 60 m min -l, turning was continued to 
catastrophic failure but was interrupted at regular intervals. At each 
inte=uptian measurements of average flank wear land length, maximum 
crater depth, average crater width and maximum bue height were made. 
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Additionally after each of the above described cutting tests the 
workpiece surface finish was assessed. Finally, in order to ascertain 
the degree of improvement in usable cutting speed offered by the TiN 
coating, the tool life to catastrophic failure of the TiN coated 
inserts was determ:ined at a cutting speed of 75 m min -l. 
In all the cutting tool tests it was observed that the TiN coated 
inserts exhibited little or no flank wear together with a significant 
improvement in crater wear resistance, even after coating 
breakthrough, relative to the uncoated inserts; the canbination of 
these factors, it was stated, being responsible for the increased tool 
life found to be exhibited by the coated inserts. 
The authors clearly had some difficulty in providing a coherent 
explanation for the virtual elimination of flank wear on the TiN 
coated inserts. They reasoned, however, that since the ratio of flank 
to crater wear for an uncoated insert and for a TiN coated insert was 
not the same in a particular test, the marked reduction in flank wear 
caused by the presence of the TiN coating might be due to a change in 
wear mechanism. The behaviour of the bue was thought to be important 
in this respect, as the bue height measurements obtained during the 
cutting tests suggested that smaller bue 1 s had been fonned on the TiN 
coated inserts than on the unooated inserts. This being so, it was 
stated, fewer bue fragments would be dragged down the flank face of 
the TiN coated inserts to cause wear in the manner described by Olilds 
and Smith< 90 l, with the inherent high wear resistance of the TiN 
coating diminishing the effect of those fragments which were dragged 
down the flank face. The :improvement in workpiece surface finish 
observed with the TiN coated inserts was also associated with the 
smaller bue 1 s fonned on them. 
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With regard to the increased crater wear resistance of the TiN coated 
inserts, both before and after coating breakthrough on the rake face, 
it was suggested that up to coating breakt!=ugh the presence of the 
TiN coating brought about a reduction in wear by adhesion and 
diffusion in addition to increasing the resistance to oxidation and 
galling. After coating breakthrough, continued high crater wear 
resistance was accounted for by the so-called 'bridging support 
theory' , originally proposed for coated canented carbide tools (see 
Section 4.2.2.2). 
Finally, at the highest cutting speed of 75 m min-l .investigated, it 
was concluded that the cutting perfonnance of the TiN coated 1nserts 
was trore affected by the heat generated in turning than by the ability 
of the TiN coating to reduce wear, as catastrophic failure occurred 
relatively quickly (average spiral cut distance 307m) due, it was 
stated, to thermal softening and plastic deformation of the HSS 
substrate. 
2. Shanshal and Dugdale(83) 
In their rather disjointed work, Shanshal and Dugdale primarily 
studied the effect of cutting speed and feed on the tool life of 
uncoated and CVD TiN coated FM BT42 grade HSS inserts used to turn EN3 
steel ~zkpiece material. The tool lives obtained, at cutting speeds 
and feeds in the range 20-100 m min-1 and 0.04-0.55 mm rev-1 
respectively, with a depth of cut of 3 mn, were presented in the form 
of Taylor tool life curves. Additional tool life tests were also 
carried out with TiN coated inserts only to establish the effect of 
changing the depth of cut fran 2 to 3 mn. Although, in the majority of 
these tests, an unspecified flank wear criterion was used to define 
tool life, rather confusingly the Taylor tool life cu:cve sOOwing the 
effect of feed on the tool life of the uncoated 1nserts appeared to 
have been constructed using this flank: wear criterion and catastrophic 
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tool failure. In addition, the influence of depth of cut on tool life 
was determined using a =rkpiece surface roughness criterion (Ra = 
1 urn). Finally, the effect of a 5 11m thick TiN coating on crater 
depth was also investigated at a cutting speed, feed and depth of cut 
of 52 m min-1, 0.18 rnn rev-l and 2 rnn respectively. 
Due to the confusion noted above the value of the tool life data 
presented by Shanshal and Dugclale is sanewhat limited. Jlbnetheless, it 
appears fran the results they obtained, that the tool lives of the 
tmCOated and TiN coated inserts converge in the region of high feed 
and speed. Shanshal and Dugdale attributed this to the effect of 
cutting speed and feed on tool temperatures. They stated that 
sufficiently high l=al tool temperatures can be generated so as to 
cause plastic flow in the HSS substrata of the TiN coated inserts, 
leading to fissures in the coating, the exposed edges of which are 
attacked by the chip, resulting in particles of the coating being 
carried away with it. It was thus concluded that the TiN coating was 
most effective at low cutting sand feeds. Under such machining 
conditions, it observed that the coating was harder than the uncoated 
inserts to a sufficient degree to resist flank wear caused by bue 
detachment (i.e .. attrition wear), increasing the tool life by a factor 
of 10. 
In the tool life tests with the TiN coated inserts only, it was found 
that increasing the depth of cut frc:m 2 to 3 rnn resulted in an almost 
two-fold increase in tool life (defined using a =rkpiece surface 
roughness criterion - see earlier). This was attributed to a more 
uniform chip section reducing tool wear adjacent to the ~rkpiece and 
its consequent effect on =rkpiece surface finish. Finally, the effect 
of the TiN coating on crater depth was found only to be of 
significance up to coating breakthrough, at which point the wear rate 
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increased to approximately that of the uncoated inserts. It was 
concluded frcm this, and possibly frcm the tool life ~ (it is not 
clear), that the increase in tool life clue to the presence of the TiN 
coating persisted only as long as the coating remained intact on the 
rake face; the residual tool life after coating breakthrough being 
relatively short. 
3. Milovic et al(B4, 85 ) 
In the first ' citation ( 84 ), the main objectives of the ~ carried 
out were to ascertain the effect of lead on the machining behaviour of 
O.l5%C steel and hc:M this was affected by the presence of a chemically 
vapour deposited TiN coating on the HSS cutting tool inserts enq:lloyed. 
Only the effect of the TiN coating will be considered here. 'l'l..o main 
series of cutting tests were carried out on the 0 .15%C leaded steel 
MJrkpiece material both for a period of 30 seconds at cutting speeds 
in the range of 15-300 m min-1• In the first series of tests, carried 
out with uncoated and TiN coated PM BT42 grade HSS inserts, the effect 
of the TiN coating on bue fo:onation and tool forces was studied. In 
the second series of tests, perfonned with uncoated and TiN coated 
inserts prepared frcm conventional wrought BM42 grade HSS bar stock, 
the effect of the TiN coating on tool tenq:lerature distribution and 
maximum rake face tenq:lerature was studied using the metallurgical 
changes technique< 9l). 
Fran the first series of tests it was found that when machining at low 
cutting speeds where a bue was formed (15-75 m min-1 ), its presence 
significantly affected the tool forces for both the uncoated and TiN 
coated inserts. In the case of the uncoated inserts the minimum in 
tool forces was observed to correspond to maximum bue size. With 
increasing cutting speed the shape of the bue changed frcm a positive 
wedge, through a rectangle to a negative wedge before becaning a flow 
73 
zone, the last corresponding to the maximum in tool forces. At higher 
cutting speeds still a small decrease in tool forces was observed. 
With the TiN coated inserts much lower vertical, axial and radial tool 
forces were obtained throughout the cutting speed range investigated, 
the TiN coating having its greatest effect over the part of the range 
corresp::mding to bue fonnation. However, in this cutting speed range 
(15-75 m min-1 ) severe damage occun:-ed to the TiN coating on the rake 
face of the coated inserts. Increasing the cutting speed to 90 m 
min -l, however, resulted in these inserts cutting successfully with no 
evidence of damage to the coating. Milovic et al consequently 
recatrnended that TiN coated HSS tools should not be used in the bue 
cutting speed range. 
From the results of the second series of cutting tests it was 
established that the application of the TiN coating reduced the size 
of the heat affected zone (haz) to about half that of the uncoated 
inserts and also significantly reduced the maximum rake face 
temperature. These effects were attributed to the smaller chip/tool 
contact length observed on the TiN coated inserts. This was also 
suggested to be responsible for the maximum rake face temperature on 
the TiN coated inserts occurring closer to the cutting edge than on 
the tmeoated inserts. The reduced chip/tool contact length on the TiN 
coated inserts was further cited as the reason for the aforementioned 
lower tool forces obtained when cutting with these inserts. 
In the second citation ( B5), ""'rk ca=ied out investigating the effect 
of a chemically vapour deposited TiN coating on the cutting 
perfonnance of HSS tools used to turn a 0. 08%C free cutting steel 
workpiece material was reported; this work being essentially an 
extension of that reported in the first citation. Uncoated and TiN 
coated PM BT42 grade HSS inserts were first employed to irwestigate 
74 
the effect of the TiN coating on bue and chip fonnation using the 
quick-stop technique< 92 l; specimens were obtained after 30 seconds or 
20 minutes cutting dry in air at cutting speeds in the range 30-120 m 
min-1 . Essentially it was found that bue size was considerably reduced 
by the presence of the TiN coating. This was attributed to lower 
interfacial bond strength and, possibly, to reduced thermal 
conductivity of the tool after coating. As in the first citation, 
uncoated and TiN coated wrought BM42 grade HSS inserts were again 
employed to investigate the effect of the TiN coating on tool 
temperature distribution and maximum rake face temperature. Cutting 
speeds within the range 60 to 150 m min-1 were used, with cutting 
again being carried out dry in air. The reSUlts obtained confirmed 
those previously determined with the 0.15%C leaded steel workpiece 
material; the presence of the TiN coating being found to cause a 
reduction in the size of the haz and in the maximum rake face 
temperature, with the centre of the haz being located closer to the 
cutting edge. 
4. Whittle(lG) /Smith and Whittle<86•87 l 
In this work, three main series of turning tests were carried out to 
investigate the effect of a 5 ~m thick chemically vapour deposited TiN 
coating on the cutting performance of PM BT42 grade HSS inserts. All 
the tests were performed in the presence of a water-based coolant, at 
a feed and depth of cut of 0.254 nrn rev-1 and 2 mn respectively, using 
cutting speeds of 30, 37 .5, 45 and 52.5 m min-1 for the uncoated 
inserts and 37.5, 45, 52.5 and 60 m min-1 for the TiN coated inserts. 
The workpiece material employed was fully annealed 817M40 (En 24) 
alloy steel of hardness 210 HV30. In the first series of tests, 
carried out to determine tool lives, cutting was simply continued 
uninterrupted until catastrophic tool failure occurred. The second 
series of tests were also continued to catastrophic failure, but were 
75 
inten:upted at regular intervals in order to facilitate maximum =ater 
depth, average crater width, average flank wear land length and 
maximum bue height measurements. For the third series of tests, the 
uncoated and TiN coated PM HSS inserts were held in a three ccmponent 
tool force dynamometer. These tests were interrupted at the same 
intervals as employed in the second series, but were discontinued 
shortly before catastrophic failure was due to occur. Irrmediately 
prior to each interruption, measurements were made of vertical, axial 
and radial tcol forces, with the surface roughness of the ~iece 
being determined during each interruption in cutting. 
It was evident fran the reSUlts of the continuous tcol life tests that 
the application of the TiN coating had brought about a marked in=ease 
in the tcol life of the PM HSS inserts, which varied only slightly 
with cutting speed fran a median level of 2.5 times. Fran the tcol 
wear tests, it was established that the presence of the TiN coating 
had not only reduced the rate of steady-state flank wear by a factor 
of between 15 and 60 times, but had also completely changed its 
progression with cutting speed. In addition, despite the fact that 
the TiN coating was WOin through on the rake face of the inserts 
alnost imnediately after carmencement of cutting, it was determined 
that its presence had nonetheless led to a reduction in steady-state 
=ater wear rates of between 3 and 4 times. The bue measurements 
obtained revealed that the application of the TiN coating had, in 
general, also reduced the size of bue formed on the PM HSS inserts 
during cutting. Fran the third series of tests, it was established 
that the presence of the TiN coating had brought about a marked 
reduction in both vertical and axial tool forces and apparent 
coefficient of friction on the rake face of the PM HSS inserts plus an 
improvement in workpiece surface finish. 
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The reduction in vertical and axial tool forces and apparent 
coefficient of friction on the rake face of the FM HSS inserts arising 
fran the application of the TiN =ating, was attributed to the smaller 
length of chip/tool contact an the TiN =ated inserts resu1 ting fran 
their increased resistance to crater wear. It was pointed out that 
similar reductions in chip/tool contact length have been cited(84 ) as 
the reason for the lower rake face temperatures found to be generated 
an TiN coated as opposed to unooated HSS inserts (see Sections 4.1.1-
3). nus being the case, Whittle/Smith and Whittle concluded that 
since catastrophic failure of both the unooated and TiN =ated inserts 
in their work was characterised by gross plastic defoDllation of the 
tool =se, the increase in tool life brought ab:lut by the presence of 
the TiN coating primarily originated fran the reduced crater wear of 
the coated inserts, through its effects an chip/tool contact length 
and hence tool forces and temperatures. Given the well known 
relationship between bue size and workpiece surface finish, it was 
suggested that the :i.rrg;:Jrovemet in workpiece surface finish obtained 
when cutting with the TiN coated inserts was due to the smaller bue' s 
formed an these inserts. 
In order to more fully explain the observed effect of the TiN coating 
on tool wear, Whittle/Smith and Whittle examined metallographic 
sections through the flank and rake surfaces of worn unooated and TiN 
coated inserts. In addition, a series of subsidiary cutting tests were 
carried out using the technique previously developed by Olilds and 
Smith( 90l, in order to elucidate the effect of the TiN coating an bue 
stability and, by so doing, to attempt to account for the observed 
significant effect of the TiN coating on the flank wear of the FM HSS 
inserts. The aforementioned technique involves quantitative 
examination of the bue fragments which rub against the tool flank face 
as they are carried away by the workpiece, thereby causing flank wear 
to occur. 
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With regard to crater wear, it was observed fran the metallcgraphic 
sections through the worn rake surface of the TiN coated inserts, that 
although the TiN coating was still present an the rake face directly 
adjacent to the major cutting edge, it did rot extend to the front end 
of the worn crater but rather tenninated ab:ruptly at sane distance 
frcm it. In contrast at the rear end of the = crater, rerrote fran 
the major cutting edge, the TiN coating remaining was found to be 
obliquely = approximately in line with the = crater surface. 
This led to the conclusion that after the coating is penetrated the 
chip continues to be supported by the coating at the rear end (and 
possibly at the sides) of the crater, the hard coating edge present at 
the rear end of the crater also acting as a chip-breaker, these two 
mechanisms ccmbining to reduce crater wear in the case of the TiN 
coated inserts. 
With regard to flank wear, it was detenn:i.ned fran the metallcgraphic 
sections through the worn flank surface of the TiN coated inserts that 
flank wear had been confined to the formation of a flat an the intact 
TiN coating. Further, frcm the aforenentioned subsidia:r:y hue stability 
cutting tests it was established that the application of the TiN 
coating to the FM HSS inserts caused a significant change in hue 
stability and, further, that this was in fact responsible for the 
marked change in the progression of flank wear rate with cutting speed 
found to be brought about by the TiN coating. Whittle/Smith and 
Whittle proposed that the acoanpanying significant reduction in flank 
wear rate was due to changed bue fragment/tool flank interaction, 
reflected in the significantly different dimensionless flank wear 
coefficients determined for the unooated and TiN coated inserts fran 
the results of the bue stability tests. With respect to these 
coefficients and to the nature of the = flank surfaces observed on 
the metallcgraphic sections through the worn unooated and TiN coated 
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inserts, it was tentatively concluded that the flank wear mechanism an 
the uncoated inserts was mild adhesive in nature, =ing by the 
raroval of surface reaction (oxide) films, and that an the TiN coated 
inserts it was possibly a micro-fatigue mechanism. It was further 
prop:lSed that the lower coefficient of friction between TiN and steel 
(c.f. HSS and steel) and the high hardness and chemical stability of 
the TiN coating were important factors in this respect. 
5. Maddisan ( 88 l 
In his 1-.0rk Maddison primarily studied the effect of t\'.0 FM HSS insert 
variables on the tool life of CVD TiN coated PM BT42 grade HSS 
inserts: the nature of the clearance faces of the inserts prior to 
C\1D of the TiN coating and the HSS substrate austeni te grain size 
after the obligatory post-coating heat treatment (i.e. hardening and 
tempering). To investigate the effect of the former, t\'.0 different 
sets of FM HSS inserts were used. The first set were surface ground on 
their rake and bottan surfaces only (see Section 3.1.1), i.e. their 
clearance faces were left in their as-sintered condition, whilst the 
second set were surface ground an their rake, bottan and clearance 
surfaces. Both sets of inserts were then tumbled to round off their 
cutting edges and then simultaneously coated with TiN by CVD. To 
investigate the effect of the latter, t\'.0 different sets of C\1D TiN 
coated FM inserts were employed. The first set were temper annealed at 
950°C for 1 hr prior to hardening and tempering of their HSS 
substrata, whilst the second set were hardened and tempered directly 
without temper annealing first. It was found that the prior temper 
annealing treatment produced a significant reduction of austenite 
grain size after hardening and tempering frc:m "'4 to "'13 Snyder-Graff. 
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The tool life tests with these four sets of TiN coated inserts were 
carried out on annealed 817M40 alloy steel workpiece material at 
cutting speeds of 45 and 52.5 m min-1 in the presence of a water-based 
coolant. The feed and depth of cut employed were 0.254 mn rev-1 and 2 
mm respectively. In each test cutting was simply continued 
uninterrupted until catastrophic tool failure occurred. The tool lives 
detennined for the TiN coated inserts whose clearance faces have been 
surface ground prior to CIID of their TiN coating were found to be 
significantly higher than for the coated inserts whose clearance faces 
had been left in the as-sintered condition, particularly at the lower 
cutting speed investigated. In contrast, the refinement of HSS 
substrata austeni te grain size produced by temper annealing was found 
to only have a marginal effect on the tool lives exhibited by the TiN 
coated inserts. No satisfactory explanation was provided by Maddison 
for the results which he obtained. 
6. Lee(89) 
The aim of the work reported by Lee<B9) was to investigate the 
relative contribution of the chemically vapour deposited TiN coating 
on the different faces (rake, flank and end clearance) of TiN coated 
FM BT42 grade HSS inserts to the improved cutting perfonnance which 
they exhibit in comparison to uncoated inserts. Three series of 
cutting tests were carried out in the presence of a water-based 
coolant at a feed and depth of cut of 0.254 mm rev-1 and 2 mm 
respectively. The I\Orkpiece material employed was annealed 817M40 (En 
24) alloy steel with hardness of 210 HV30. In each series of tests 
the follCMing inserts were used: unooated, TiN coated with rake face 
coating removed, TiN coated with flank face coating removed, TiN 
coated with end clearance face coating removed and fully TiN coated. 
The first series of tests, performed at cutting speeds of 45 and 55 m 
min-1 , were carried out to determine tool lives. In these tests 
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cutting was continued uninten:upted until catastrophic tool failure 
oc:ct=ed. The second series of tests, performed at a cutting speed of 
55 m min-1, were also continued to catastrophic tool failure but were 
inten:upted at regular intervals to permit the follCMing measurements 
to be made: max:iinum bue height, average flank wear land length, 
max:iinum crater depth, max:iinum crater width and max:iinum end clearance 
face wear land length. For the third series of tests, performed at 
cutting speeds of 45 and 55 m min-1, the inserts were held in a three 
component tool force dynamometer. In these tests, cutting was 
interrupted as in the second series. Immediately prior to each 
inten:uption, vertical, axial and radial tool force measurements were 
made and, during each interruption, the surface roughness of the 
workpiece was determined. 
It was found fran the results of the inten:upted tool wear tests that 
the rell'OITal of the TiN coating fran the flank face of the HSS inserts 
increased bue height to virtually the level obsel:Ved with the uncoated 
inserts, whilst the raTXJVal of the coating fran the end clearance face 
of the inserts did not materially affect the height of the bue, which 
remained at a level similar to that on the fully coated inserts. The 
raTXJVal of the TiN coating fran the rake face of the inserts increased 
bue height but not up to the level obsel:Ved with the uncoated inserts. 
The results obtained from the interrupted tool wear tests also 
revealed that raTXJVal of the TiN coating fran the rake face of the HSS 
inserts resulted in a dramatic increase in crater wear rates up to 
levels corresponding to the crater wear of the uncoated ·inserts, but 
that the rates of flank and end clearance face wear were unaffected, 
remaining at levels corresponding to the fully coated insert. The 
raTXJVal of the TiN coating fran the flank face of the inserts caused 
an increase in flank wear rate but not up to the level observed with 
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the uncoated inserts. Surprisingly it also appeared to have caused 
small ir=eases in end clearance and crater wear rates. The reJOCJVal of 
the TiN coating fran the end clearance face of the inserts ii=eased 
end clearance wear rate but again not up to the level observed with 
the uncoated inserts. The crater wear rates were essentially 
unaffected, remain:ing of levels corresponding to the fully coated 
inserts, whilst a small ir=ease in flank wear rate was detected. 
It was essentially observed fran the reSUlts of the interrupted tool 
force tests carried out at the cutting speed of 55 m min -l, that the 
vertical and axial tool forces and apparent coefficient of friction 
determined f= the inserts decreased in the =der uncoated, rake face 
coating removed, flank face coating removed, end clearance face 
coating renoved and fully coated. At the lower cutting speed of 45 m 
min-1 , however, such a clear trend was not evident. A somewhat 
similar trend was observed in the case of w::JI:kpiece surface roughness 
in that of the higher cutting speed the workpiece surface roughness 
obtained was found to decrease in the order uncoated, rake face 
coating removed, end clearance face coating removed, flank face 
ocating raroved and fully coated. The same trend was evident of 45 m 
min-1 except that very high surface roughness values were obtained in 
the case of the end clearance face coating renoved insert. 
In the case of tool lives it was determined that raroval of the TiN 
coating fran the rake face of the inserts resulted in a dramatic 
reduction in tool life almost down to levels corresponding to the 
uncoated inserts. The rem:JVal of the TiN coating fran the flank face 
and end clearance face of the inserts also reduced the tool life of 
the inserts, but not to the same degree. 
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4 .1. 2 Other HSS tools coated with TiN by CVD 
As indicated in the introduction to this section, consideration will 
be given here to previous studies of the cutting performance of HSS 
tools, other than PM indexable inserts, coated with TiN by CIIO. It 
should be noted that in both the studies cited, the CIIO TiN coatings 
in question constituted the outer layer of a mul tilayer coating. 
In their work, Akasawa et a1 ( 93 ) investigated the effect of a TiC/TiN 
mu1. tilayer coating on the cutting performance of SI<H9 and SI<H55 grade 
HSS thread chasers. They found that because of the difference in 
thermal expansion between the coating and substrata, the obligatory 
post-coating HSS substrata heat treatment produced cracks in the 
coating. These cracks were reported to increase the likel.il'lcxxi of 
coating exfoliation during macl'lining, although it was stated that 
their formation could be overccme by making the coating thin, but 
still thick enough to retain its wear resistance; the optimum coating 
thickness recamtended being 3-5 11 m. 
Turning tests with uncoated and coated tools were carried out on 
0.08%C steel workpiece material in the presence of a water-based 
ccolant at a cutting speed, feed and depth of cut of 95 m min-1, 0.15 
mm rev-1 and 1.0 mm respectively. These tests revealed that the 
TiC/TiN coating significantly reduced flank wear, workpiece surface 
roughness, cutting temperature, chip thickness and chip/tool contact 
length, in addition to increasing the rake face lubricity relative to 
the uncoated tools. Further cutting tests sl'x:lwed that the coating 
also increased tool life, in tenns of parts machined per tool, at 
least three-fold. On examining worn uncoated and coated tools, 
Akasawa et a1 observed that, apart fran near the cutting edge where a 
bue was present, the TiC/TiN coating inhibited the adherence of 
workpiece material on the rake face and, consequently, concluded that 
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the coating had little affinity for Fe. It was also reported that 
attrition wear due to the bue "flaking" off, and abrasive wear by the 
bue, did not ex::= easily with the coated teals because of the high 
hardness of the TiC/TiN coating. 
In their work, Young et a1C 50l studied the effect of multilayer CVD 
coatings on the teal life of 'M7 grade IJSS twist drills. Unooated and 
TiC/TiN and TiC/Ti(C,N)/TiN multilayer coated HSS drills were used to 
drill holes through a 12.5 nm thick ll'Odified AlSI 4130 steel plate 
With a hardness of 32-35 HRC, until fracture occ=red. Cutting was 
carried out in the presence of coolant. It was found that the 
application of a 9-10.5 11m thick TiC/TiN coating and a 5.0-5.2 11m 
thick TiC/Ti(C,N)/TiN coating increased teal life tenfold. 
4.2 Celelted carbide Tools Coated with TiN by CI/D 
For the reason specified in the introduction to the present chapter, 
this section is oancerned with previous work undertaken to determine 
the effect of CVD TiN coatings on the cutting performance (teal life 
and tool wear) of cemented carbide tools. Both single layer TiN 
coatings and multilayer coatings with an outer TiN coating layer have 
been included. 
4.2.1 Tool life 
In only threeC 94- 96 l investigations of those SUJ:V'ElY9(i was the effect 
of a TiN coating on the teal life of cemented carbide teals evident, 
although, in a further two casesC 97,98), TiN coated and uncoated teals 
with different substrata canpositions were canpared. The teal life 
criteria used were sane measure of flank wear land length(94- 96 l and 
of crater depth ( 94 ) • 
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Fowler< 94) showed, when mach:in:ing normalised 080A35 steel at cutting 
speeds of 152 and 229 m min-1, that the application of a TiN coating 
in=eased tool life relative to the uncoated tools by "'2.3 and "'2.5 
times respectively. Increasing the cutting speed to 305 m min-1 
resulted in the uncoated tools failing quickly because of high flank 
wear and the TiN coated tools mach:in:ing successfully for "'10 minutes. 
!In indirect investigation of the effect of a TiN coating on the tool 
life of cemented carbide tools was carried out by Karapantev< 95 l 
whilst ascertaining the effect of various thin hard material coatings 
(including TiN) on the tool forces for four grades of cemented carbide 
tools. The tool lives presented showed that the application of a TiN 
coating increased tool life by "' 1.14 to "'2 .14 times, dependent upon 
the grade of cemented carbide coated. 
In the only investigation found that showed the direct effect of a TiN 
coating on the tool life of cemented carbide tools over a range of 
cutting speeds(96), the workpiece material, unfortunately, was not 
specified. It was nevertheless clear fran the results, presented in 
the form of Taylor tool-life curves, that the coating had a 
significant effect on tool life, but that its effectiveness decreased 
with in=easing cutting speed. It was concluded fran these results 
that the TiN coated tools COUld be run at cutting speeds 50% higher 
than those for the uncoated tools for the same tool life. 
Both Gane and Lorenz< 97 l and Venkatesh< 98 l also presented their tool 
life results in the form of Taylor tool-life curves but, as stated 
previously, these investigations employed coated and uncoated cemented 
carbide tools with different substrate ccmpositions. As a consequence 
of this it is not surprising that the tool life/cutting speed results 
obtained were significantly different. Gane and Lorenz found that the 
effectiveness of a TiN coating increased with cutting speed whereas 
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Venkatesh found an alirost coostant in=ease in tool life = the 
cutting speed range studied. The latter also observed that the 
magnitude of the in=ease in tool life due to a TiN coating was 
dependent upon the tool life criterion cl'x:lsen, the arrount of crater 
wear rather than flank wear giving the best results in this respect. 
4.2.2 Tbol wear 
The following is principally concerned with the effect of chemically 
vapour deposited TiN coatings on the flank and crater wear of cemented 
carbide tools, expressed in tenns of average flank wear land length, 
crater depth and crater width. In addition l'lowever, where feasible, 
the wear mechanisms reported and the explanations given for the effect 
of the coatings on tool wear have also been included. 
4.2.2.1 Flank wear 
In the investigation by Kieffer et al(71) it was found that 4-5 11m 
thick TiN coatings had a significant effect on the flank wear of 
cemented carbide tools used to machine CK75 (0. 7-0.8%C) steel 
oorkpiece material at a cutting speed of 123 m min-1 • For example, at 
the end-point of the uncoated tools the application of the TiN 
coatings reduced flank wear by "' 25%. The progression of flank wear 
with cutting time detennined for the TiN coated and uncoated tcols by 
Kieffer et al was quite similar to that found by Dreyer and 
Kolaska(57) for canparable tcols used to turn annealed C60 (0.57-
0.65%C) steel at a cutting speed of 200 m min-l, although breaking-in 
wear was much higher in the case of the latter. It is evident in the 
investigation by Dreyer and Kolaska that the presence of the TiN 
coating reduced flank wear at the end-point of the uncoated tools by 
"'60%. 
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In the tool life work by Fowler(94 ) referred to in Section 4.2.1, 
flank (and crater) wear measurements were made to the failure 
=iterian. Fortunately, these were plotted against cutting time, the 
flank wear CUJ:Ves obtained for the TiN coated and uncoated tools being 
similar to those found by Kieffer et al(?l) and Dreyer and 
Kolaska ( 57 ), but breaking-in wear was very much higher than in these 
cases. As a result of the latter, Fowler observed that the TiN coated 
tools failed quickly by reaching the flank wear =iterian despite 
exhibiting no appreciable =ater wear. Nevertheless, fran the results 
presented, the presence of the TiN coating can be seen to have reduced 
flank wear at the end-point of the uncoated tools by "'25 and "-17% at 
cutting speeds of 152 and 229 m min-1 respectively. 
Fran work an the effect of CVD coatings an the perfonnance of cemented 
carbide tools used for turning various types of fer:rous workpiece 
materials, carried out by Dearnley(99 ) and Dearnley et a1(100), it was 
found that 11-12 11m thick TiN coatings had a significant effect an the 
flank wear of cemented carbide tools used to machine SG cast iron at a 
cutting speed of 200 m min -l, the flank wear of the coated tools being 
up to "'10 times less than that of the uncoated tools. In the case of 
multilayer coatings, a TiC/TiCN/TiN coating with a 5-6 \liD thick outer 
TiN coating layer was found to reduce the flank wear of cemented 
carbide tools by up to "' 20 times when machining 0701155 steel at a 
cutting speed of 250 . -1 m Illln • When cutting various types of steel 
workpiece materials (080M40, 817M40 and 070M55) Dearnley et al 
observed that the worn TiN coating an the flank face of the coated 
tools appeared sm:JOth at high magnification. It was also determined 
that the flank wear of coated carbide tools was usually liDSt rapid in 
the region where the cutting edge radius blended with the flank 
clearance face, the coating an the rounded cutting edge above this 
location remaining relatively unworn. 
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In many cases the cause of the flank wear of TiN coated cemented 
carbide tools has merely been stated and not supported by exper:illlental 
evidence. S=inivasan et a1< 47 l reported that the high initial flank 
wear of the coated cemented carbide tools which they tested was caused 
by the abrasive rerroval of a flank face bulge produced by rake face 
plastic deformation. 010 et al ( 44) and Feinberg(96) pr'OP'Sed that the 
prime factor contributing to flank wear is micro-chipping of the 
cutting edge which, a=ding to Feinberg, becanes 110re severe as a 
=ater develops. Chubb and Billingham< 22 l concluded fron their WOik 
that initial flank wear was caused by· abrasion, but that this was 
superseded by a combination of diffusion and abrasion once 
breakthrough of the coating occurred. However, . this contradicts the 
conclusion drawn by Dearnley and Trent< 23 l, who carried out a similar 
study to Chubb and Billingham. Dearnley and Trent concluded that flank 
wear was xrost probably due to diffusion, as flank face tai;leratures 
were high enough for sufficient diffusion to occur and because wear by 
abrasion and reaction with the atnosphere were unlikely. In the WOik 
by Dearnley< 99 l and Dearnley et al ( 100 l referred to earlier, it was 
proposed that the flank wear of TiN coated cemented carbide tools is 
principally caused by discrete plastic deformation, with sc:rre wear 
also possibly caused by dissolution/diffusion. 
4.2.2.2 Crater wear 
Using those materials and machining conditions previously described in 
Section 4.2.2.1, Dreyer and Kolaska< 57 l, Kieffer et a1< 71 l, 
Fowler< 94 l, Dearnley( 99 l and Dearnley et al (lOO) observed that TiN 
coatings had a much 110re significant effect on the crater wear (crater 
depth) of cemented carbide tools than on flank wear. Both Dreyer and 
Kolaska (57 ) and Kieffer et al ( 71 ) found that initially very little or 
no crater wear occurred on the TiN coated tools, but, that once 
started, crater wear progressed at an in=easing rate. At the end 
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point of the uncoated tools the application of a TiN coating was found 
to reduce =ater wear by <:Ner 90% in both these cases, whilst Fowler 
observed negligible =ater wear at this point on the TiN coated tools 
which he investigated. Dearnley et al ( 100) found that the =ater wear 
rates of TiN coated cemented carbide tools were up to "' 300 times less 
than those of uncoated tools, dependent on the type of workpiece 
material machined. They also observed that once the coatings were 
WOJ::n through on the rake face, the substrata beneath was WOJ::n rapidly, 
but at a rate which remained lower than f= the uncoated tools. m 
only one< 10l) investigation in the literature su=eyed was the effect 
of a TiN coating on the crater wear of cemented carbide tools 
determined in terms of =ater width. In this instance, turning tests 
were carried out with uncoated and various coated (including TiN) 
cemented carbide tools at a cutting speed of 210 m min -l, on Cr45 
alloy steel oorkpiece material, up to breakthrough of the coatings f= 
the latter. It was sinm. that the TiN coating had an appreciable 
effect on crater width, reducing it relative to the uncoated tools at 
the point of coating breakthrough, f= example, by "' 15%. It is 
indirectly evident fran these reSUlts that the presence of the TiN 
coating also reduced the chip/tool contact length. 
No WOl:k in which the effect of single layer TiN coatings on the =ater 
wear of cemented carbide tools was studied <:Ner a range of cutting 
speeds was found in the literature surveyed (except the indirect study 
contained in the tool life work carried out by Fowler< 94 ), described 
in section 4.2.1). However, Horvath and Klemne(l02) investigated the 
effect of TiC/TiN (thickness 3. 75/4.45 \liD) coatings on the =ater wear 
<=ater depth) of cemented carbide tools used to turn annealed DIN 
ronn 100 Cr6 (1.0% C, 1.5% Cr) steel at cutting speeds of 120, 180, 
250 and 300 m min-1 for a period of 8 minutes. It was found that 
crater wear increased with increasing cutting speed for both the 
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coated and uncoated cemented carbide tools, the presence of the 
TiC/TiN ocating reducing =ater wear by at least 90%. other than at 
the highest cutting speed, where the unocated tools did not machine 
successfully, the coating appeared to be most effective at 180 m 
min-1, reducing =ater wear by "'98%. 
With regard to crater wear mechaniSlllS; in many cases the cause of the 
crater wear of TiN coated cemented carbide tools has merely been 
stated and not suppor ted by experimental evidence. Karapantev< 101) 
ooncluded fran SEM observations of the wear tracks in the craters of 
worn coated tools that crater wear was predominantly abrasive in 
nature. Conversely, O'rubb and Billingham( 22 ) and O'rubb et al <24> 
ooncluded that up to ooating breakthrough the TiN ocatings which they 
investigated were worn by adhesion/attrition mechanism, whilst after 
ocating breakthrough wear increased as a resu1 t of diffusion between 
the chip and the substrata, the rate of which was enhanced by 
fragments of the coating breaking away and exposing more of the 
substrata. In contrast, in a similar investigation Dearnley and 
Trent( 23 ) ooncluded that TiN ooatings were worn by diffusion, whilst 
later Dearnley( 99 ) and Dearnley et al (lOO) observed that under extreme 
cutting oonditions, TiN ooatings were worn principally by dis=ete 
plastic deformation. They did, however, also suggest that the 
ocatings were worn by a dissolution/diffusion mechanism. Srinivasan 
et al ( 47 ) reported that =ater formation an coated tools occurred by 
plastic deformation of the substrata with the coating, in this 
instance, remaining intact within the crater. 
From the literature surveyed, it appears that, up to coating 
breakthrough, the reduced crater wear of coated as compared to 
unooated cemented carbide tools has, in general, been principally 
associated with the coatings forming a barrier to diffusion and 
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reduc.ing chip/tool adhesion. With regard to the coatings continuirg to 
reduce crater wear relative to uncoated tools after coating 
breakthrough, four basic explanations have been given in the 
literature. First, that the chip is supported on the periphery of the 
crater, which is still coated, resulting in the mechanical loading on 
substrate in the crater be.ing reduced(l03,l04). Second, that the rear 
of the crater acts as a very good chip breaker due to the presence of 
the coating at the crater edge< 105 l. Third, that the coating is 
actually intact within the crater, the crater be.ing fo:r:med by plastic 
defonnations of the substrate< 47•105 l. Finally, that due to the high 
temperatures generated dur.ing turning, the coating either softens, 
provoking its plastic flCM and adherence to the chip, or fo:ons an 
oxide with the chip, the chip then transporting these products into 
the crater to fonn a wear resistant layer therein ( 105). 
4.3 Effect of Coating Deposition Conditions and Coating 
Cllaracteristics 
As indicated in the introduction to this chapter, due to the 
relatively small anount of work carried out in this area, this section 
will not be restricted to TiN coatings and both coated HSS and 
cemented carbide tcols will be considered. 
In his wo:rk Peterson<43 l investigated the effect of TiCl4 partial 
pressure an the deposition rate and characteristics of TiN coatings 
chemically vapour deposited on cemented carbide tcols, as described in 
Section 2.2.5, and on the subsequent flank and crater wear of the TiN 
coated tcols when used to turn SAE 4340 steel at a cutting speed of 
"'116 m min - 1 . It was observed that a 24 lllll thick TiN coating 
deposited at a low TiC14 partial pressure and therefore a high 
deposition rate, which exhibited a highly columnar structure, failed 
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to increase the wear resistance of the cemented carbide tools because 
it was "torn away in chunks". In =trast, a 16 11m thick TiN ccating 
deposited at an intermediate TiCl4 partial pressure and therefore a 
slower deposition rate, which exhibited a randanly oriented sb:ucture, 
reduced flank and crater wear at the end-point of the uncoated tools 
by, for example, "'67 and "'96% respectively. It appears fran these 
observations that the important ccating characteristics with regard to 
the flank and crater wear resistance of TiN ccated cemented carbide 
tools are ccating adhesion, grain size and thickness. 
Naik(78) carried out an extensive investigation of the effect of TiC14 
partial pressure, H2;N2 ratio and total gas flow rate on the 
characteristics of TiN coatings chemically vapour deposited on 
cemented carbide tools (see Sections 2.2.5 and 2.2.6), and on the 
subsequent flank and crater wear of the TiN ccated tools when used to 
turn an unspecified workpiece material at a cutting speed of "' 152 m 
min-1 . TiC14 partial pressure was obsei:ved to have basically the same 
effect on the flank wear of the TiN ccated tools as that found by 
Peterson, described above, the influence of TiCl4 partial pressure on 
flank wear being attributed by Naik to ccating adhesion. However, 
despite establishing that the total gas flow rate might have an effect 
on the flank wear of the TiN coated tools, Naik drew the above 
conclusions fran cutting tests with ccated tools wbJse coatings were 
deposited using different total gas flow rates. Furthermore, the 
ccating thickness of these ccated tools and those used in the effect 
of total gas flow rate and ~;N2 ratio varied considerably (i.e. 5.77-
l3.10)1m). COnsequently, the value of the flank wear results obtained 
by Naik is limited. Irrespective of the coating deposition 
conditions employed, crater wear relative to the uncoated tools was 
found to be reduced by -v85% by the presence of the TiN coatings. 
92 
In his work Sjostrand investigated the effect of NH3 and N2 as the 
source of nitrogen on the deposition and characteristics of CVD TiN 
coatings, as described in Section 2. 2 . 7, and then studied the 
subsequent flank and crater wear of the TiN ooated cemented carbide 
tools when used to turn SIS 1672 (0.43-0.50% C) and SIS 2541 (0.32-
0.39% c, 1.2-1.6% er, 1.2-1.6% Ni, 0.15-0.25% MJ) steels at cutting 
speeds of 150, 175 and 200 m rnin-1 • It should be roted that ooating 
thickness was rot a variable in this study as each ooated tool had a 
TiN ooating thickness of 6 llm. As previously detailed in Section 
2.2. 7, wheri N2 was used the TiN ooating deposited had a ooarse, highly 
columnar structure and a hardness of 1870 :!: 100 kg mn-2, whereas when 
NH:3 was used the TiN ooating deposited had a finer, randanl.y oriented 
structure and a hardness of 2380 ± 100 kg mn-2 . When machining the low 
alloy steel these differences in ooating grain structure and hardness 
were found to have ro significant effect on the flank and crater wear 
of the TiN ooated tools. In contrast, when machining the high alloy 
steel, the T.iN coated tool whose coating was harder and finer-grained 
exhibited superior wear resistance, particularly to crater wear at 
high cutting speeds. The increased wear resistance of the latter 
coated tools was attributed by Sjostrand to an increase in the 
abrasive wear resistance of their T.iN ooating brought about by its 
higher hardness. 
'Itle effect of ooating deposition time and temperature on the flank and 
crater wear of T.iN ooated cemented carbide tools used to machine 0<75 
( 0. 70-0.80% C) steel at a cutting speed of "'123 m min -l were 
investigated by Kieffer et al ( 48 l. In general, it was observed that as 
the deposition time and t~ature were increased, the flank and 
crater wear resistance of the T.iN coated tools also increased. T.iN 
coatings deposited under the optimum conditions (1000-1100°C for 60 
minutes) were found to reduce the flank and crater wear of the 
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cemented carbide tools at the end-fx::>int of the uncoated tools, for 
example, by"' 20 and 95% respectively. Although the authors related 
the wear results obtained to the coating deposition time and 
temperature, it is evident fran the additional information given that 
they may reflect the effect of increasing coating thickness, as the 
coating thickness increased with increasing deposition time and 
temperature. 
In a detailed study, Lewus( 17) investigated the effect of ar4/TiC14 
mole ratio and deposition temperature on the characteristics of TiC 
coatings chemically va{X)Ur defx::>Sited on IM BT42 grade HSS inserts, and 
on the subsequent tool life of the TiC coated tools when used to tum 
annealed 81'7M40 (En 24) alloy steel workpiece material (hardness 210 
HV30) at cutting speeds of 37. 5, 45, 52. 5 and 60 m min -l. Q.ztting was 
perfonned in the presence of a water-based coolant at a feed and depth 
of cut of 0.254 nm rev-1 and 2.0 nm respectively. At each of the four 
cutting speeds investigated, it was essentially observed that the 
inserts coated at a ar4/TiCl4 mole ratio of"' 3 exhibited the highest 
tool life. The lower tcol lives of the inserts coated at higher mole 
ratios was suggested to be primarily due to a reduction in the wear 
resistance of the coated inserts associated with the inherent 
brittleness of their coatings. In contrast, the lower tool lives of 
the inserts coated at lower nole ratios was suggested by Lewus to be 
primarily due to the inherent 'softness' of the coatings. With regard 
to defx::>sition temperature, Lewus found that the inserts coated at a 
defx::>sition temperature of 1050°C exhibited a significantly higher tool 
life than those coated at 1100°C for each of the cutting speeds 
employed. Due to the TiC coating deposited at 1100°C having the 
highest hardness, Lewus again proposed that this was a consequence of 
the coating being particularly brittle. 
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Dreyer and Kolaska ( 57 l investigated the effect of coating grain size 
on the flank and =ater wear of TiN coated cemented carbide tools used 
to machine C60 (0.57-0.65% C) steel at a cutting speed of 200 m min-1 
f= a period of 10 minutes. In this instance, coating thickness was 
rot a variable, each coated tool having a coating thickness of 8 )Jm. 
It was found that a TiN coated tool with a fine-grained coating 
exhibited only -v61 and 64%, the flank and =ater wear respectively, of 
a TiN coated tool with a coarse-grained coating. 
In addition to the work previously described in Section 4.1.1-2, 
Shanshal and Dugdale(B3) also investigated the effect of TiN coating 
surface roughness and thickness on the tool life of CVD TiN coated HSS 
inserts; the cutting conditions and workpiece material used being as 
specified earlier. They found that decreasing the surface roughness of 
the TiN coating in=eased the tool life by 30%. '!his was associated 
with a reduction in chip/tool adhesion. At a cutting speed of 30 m 
rnin -1, they reported that in=easing the TiN coating thickness fran 5 
to 12 \Jm had ro effect on the tool life of the coated inserts, but 
that at a cutting speed of 130 m min-l the 12 )Jm thick TiN coating 
gave a 50% in=ease in tool life. Shanshal and Dugdale suggested that 
as the cutting speed rises abrasive wear beccmes xrore important than 
attrition wear. Consequently they concluded that the 12 )Jm thick TiN 
coating in=eased the tool life due to an in=ease in abrasive wear 
resistance and that thicker coatings only increase tool life under 
conditions of abrasive wear. The conclusion must be treated as 
erroneous for many reasons, the nost .important of which is that since 
abrasion is rot a major wear mechanism for HSS tools(l06) it is even 
less likely to be one for the TiN coated HSS tools. 
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In a much rrore detailed investigation, Whittle(l6) also studied the 
effect of TiN coating thickness an the tool life, flank and crater 
wear of CI1D TiN coated PM BT42 grade HSS inserts. Tool life and tool 
wear tests were carried out at cutting speeds of 45 and 52. 5 m min -1 
respectively, under the cutting conditions previously defined in 
Section 4.1.1-4. It was found that increasing the thickness of the 
TiN coating fran "-2.5 to -c8 Jlm resulted in a doubling of the tool life 
of the coated inserts as shc:Mn in Figure 4.2, and a fall in the 
steacy-state crater wear rates of sane 80% as shc:Mn in Figures 4.3 and 
4.4. In contrast, as is evident fran Figure 4.3, only a slight 
decrease in the steady-state flank wear rate was observed for an 
increase in coating thickness fran "-2.5 to"' 4.5 Jlm, further increase 
in coating thickness having little effect. Whittle attributed the two 
fold increase in the tool life of the coated PM HSS inserts brought 
about by increasing the TiN coating thickness fran "'2. 5 to 8 Jl m to the 
corresponding reductions in flank and crater wear, through their 
effect an the contact lengths an the flank and rake faces of the 
inserts and hence on tool forces and temperatures. It was also 
suggested that the increase in flank wear rate for TiN coating 
thickness less than "' 4 1J m was due to coating breakthrough an the flank 
face of the TiN coated inserts. Finally, the decrease in crater wear 
rates with increasing coating thickness, was attributed to a 
co=esponding increase in the oblique width of the TiN coating at the 
rear end of the 'WO:m crater (and perhaps at the sides). 
The effect of coating thickness on the flank wear resis-
tance(l03,107-109), crater wear resistance(103,107,109,110) and tool 
life(l) of the coated cemented carbide tools has been the subject of 
six(l,l03,107-110) investigations. In his 'WOrk Sugisawa< 107 ) observed 
that increasing the thickness of the TiC coatings on cemented carbide 
tools had a sanewhat similar effect on tool wear to that observed on 
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TiN coated cemented carbide tcols by Kieffer et al ( 48) for increasing 
coating deposition time and temperature. Also for TiC coated cemented 
carbide tools, Platonov et al ( l08 ) observed that when turning 
structural steel MXkpiece material in the cutting speed range 170 to 
190 m min-1 there was a minimum coating thickness of 2-3 ~m belCM 
which flank wear of the tcols increased significantly. This lower 
limit of effective coating thickness was reported to be dependent upon 
the coating stoichianetry (ascertained fran its lattice parameter) and 
the cleanliness of the reactant gases in the coating process. 
In their MXk on TiC coated cemented carbide tools, Stjemberg and 
Thelin ( llO) investigated the effect of increasing TiC coating 
thickness on the crater wear resistance of the tools when used to turn 
Sl\E 52100 annealed ball bearing steel at a cutting speed of 180 m 
min-1 with depth of cut and feed rate of 2 mn and 0.3 mn rev-1 
respectively. It was observed that increasing the thickness of the TiC 
coating improved the crater wear resistance of the tools. The wear 
rate was established to rana:in lcm as long as the substrata was l'Xlt 
exposed, and it was further observed that the thicker the TiC coating 
the longer the cutting time to substrata exposure. Even after the 
coating had been worn through on the rake face, mwever, it was found 
that increasing coating thickness still led to a decrease in crater 
wear rates. 
Hale and Graham(l03,l09 ) carried out a detailed investigation of the 
effect of TiC and Al2o3 coating thickness on the flank and crater wear 
resistance of coated cemented carbide tcols used respectively to turn 
AISI 1045 steel at a cutting speed of 230 m min - 1 and AISI 4340 steel 
at a speed of 197 m min-1 . It was found that at lcm coating thickness 
the flank wear of both the TiC and Al2o3 coated tools increased 
significantly, as exemplified by Figure 4.5, but that this change was 
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not as marked as that obs&Ved by Platonov et al ( 108 l . As evident 
fran Figure 4. 5, it was further established that although the flank 
wear resistance first increased with increasing coating thickness, it 
then levelled off at thicknesses greater than about 4 to 6 \lm. Hale 
and Graham proposed the following explanation for the effect of 
coating thickness on flank wear which they observed. First, they 
postulated that the critical contact zone between the flank side of 
the cutting edge and the workpiece is the bottan of the flank wear 
scar. They suggested that when this region is ooated with a c.arq;JOl.n1d 
having high abrasion resistance, high chemical stability and a 
thickness of at least 5 \lm, the contact between the workpiece and the 
flank side of the cutting edge is borne canpletely by the coating, 
which acts as an efficient bearing surface to support the feed force 
and hence greatly retards enlargement of the wear scar. If however 
coating thickness is less than 5 llm, partial contact with the 
substrata occurs in this region and a higher rate of flank wear 
results. 
With regard to the effect of coating thickness on crater wear, Hale 
and Graham found that, in general, similar results were obtained f= 
the TiC and Al2~ coatings and, consequently, only the results for the 
Al2o3 coating were presented. These are shown in Figures 4.6 and 4.7. 
It was concluded frcm these results that whilst the coating remained 
intact on the rake face, crater wear was reduced, but that once 
coating breakthrough occurred the crater wear rate increased, but 
remained below that of the unooated tools. Furthermcre, it was found 
that the time to coating breakthrough increased with increasing 
coating thickness as did the wear resistance afterwards. It was also 
concluded that irrespective of the crater depth criterion chosen to 
define the tool life of the coated tools, wear resistance was directly 
proportional to coating thickness. Hale and Graham stated that the 
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crater wear behaviour of a =ated insert has ~major stages. During 
the first stage, which lasts until the chip first penetrates the 
=ating, the very high chemical stability of the ooating substantially 
retards =ater developnent and that the duration of this stage of wear 
is directly proportional to ooating thickness. Once the ooating is 
penetrated, the =ater wear rate in=eases rapidly due to in=easing 
contact between the chip and the substrata material, with its 
inherently higher wear rate, and during this second stage, the ooating 
at the edge of the =ater exerts a sl:Lcnlg retarding effect on =ater 
wear rate; an effect that increases with increasing ooating thickness 
up to 10 \1IIl. 
It is clearly evident frc:m the foregoing citations that increasing the 
thickness of the TiC coating on cemented carbide cutting tools 
:increased their wear resistance. According to Ljungqvist< 1 ), this 
ac=unted for the three-fold increase in t=l life he observed when 
the coating thickness of TiC ooated t=ls used to turn AISI Cl045 
steel workpiece material at a cutting speed of 150 m min-1 was 
:increased frc:m 1 to 8 \1IIl. 
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CHAPTER 5 
EXPERIMENTAL WORK AND RESULTS - EFFECT OF COATING 
CHARACTERISTICS ON CUTTING PERFORMANCE OF CVD TiN 
COATED PM BT42 GRADE HSS INSERTS 
5.0 EXPERIMENTAL OORK AND RESULTS - EFFECI' OF COATING amRACTERISTICS 
ON aJTl'ING PERFQRM!INCE OF CllD TiN COATED PM BT42 HSS INSERl'S 
For the reasons previously explained at the end of Olapter 3, it was 
decided that the final part of the experimental work of this thesis, 
described in the present chapter, WOUld be concerned with a study of 
the effect of TiN coating grain size, microhardness and thickness on 
the cutting performance of CllD TiN coated FM BT42 grade HSS inserts. 
The cutting tests carried out in this study and the resu1 ts obtained 
fran them are dealt with in the third section of this chapter, whilst 
the first and second sections are respectively concerned with the 
equipnent and inserts used in these cutting tests. 
5.1 Equipnent Used in Cutting Tests 
In this section the workpiece material and the lathe and associated 
equipnent used in the cutting tests are described. 
5.1.1 Worlg?iece material 
Annealed 817M40 (1.5% Ni-Cr-JIIb) low alloy steel was selected as the 
workpiece material to be employed in the cutting tests in the present 
work, as it had previously been successfully used by both Whittle< 16 ) 
and Lewus(17) respectively in their studies of the cutting perfo:rmance 
of C\1D TiN and TiC coated PM BT42 grade HSS inserts. It was supplied 
by Macreadys (Glynwed Steels Limited), fran a single cast (number 
C2775), with the canposition shcMn in Table 5.1, in the fonn of 160 mn 
diameter black bar, originally 15m long, cut up into thirty 0.5m 
lengths. The bars were subsequently isothermally annealed in three 
batches of ten at British Steel Swinden Laboratories, Rothertlam, using 
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the following procedure: heat to 820°C; hold for one hour; furnace 
cool to 650°C; hold for five hours; furnace cool to room 
temperature. 
Prior to their use in the cutting tests, the film of oxide scale 
present on each of the thirty bars was removed by turning. In 
addition, one of the bars fran each isothermally annealed batch of ten 
was examined with regard to radial variation of hardness and 
microstructure. The fonner was examined on a ground transverse =s-
section previously sawn from the bar, and the latter by optical 
examination of polished and etched transverse and longitudinal 
sections cut fran the outside, mid-radius and centre of the bar. It 
was found that there was ro significant variation in hardness a=s 
the diameters of the three representative bars and also that there was 
no significant difference in hardness between them. The hardness 
results obtained for one of the bars is shown in Figure 5 .1. It was 
further established that the grain structure of each of the bars was 
sensibly consistent throughout its bulk. To minimise arq possible 
effect fran the increased surface curvature associated with a smaller 
diameter bar, however, it was decided that none of the bars WOUld be 
tUJ:ned to a diameter smaller than 50 nm during the cutting tests. 
5.1.2 Lathe and associated equipnent 
All the cutting tests to be described in the present chapter were 
carried out on a Colchester Triumph 7.5" x 48" centre lathe, converted 
to infinitely variable speed drive by fitting a Shackleton System 
Drives thyristor controller to vary the speed of a DC motor, 
substituted for the original AC drive Il'Otor. This lathe and sane of 
the associated equipnent used for measuring tool wear is shown in 
Figure 5.2. 
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'Ihe tool wear measuring equipnent visible in-si tu on the lathe in 
Figure 5.2 is shown in more detail in Figure 5.3. Essentially it 
consists of a low power ( X30 l mi=s=pe and a higher power ( X200) 
mi=soope, IroUnted on micrc:rneter slides and protractor tables, which 
were used to measure wear on the flank and rake faces of the inserts 
respectively. When not in use, this equipment was protected by a 
transparent perspex cover which has been rem::JVed in Figures 5.2 and 
5.3. Another low power (X30) microscope (not shown), similarly 
mounted on micrometer slides and protractor tables, was used to 
measure wear on the end clearance face of the inserts. When in use, it 
was l=ated and clamped on the indexable tool post on the lathe, and 
raroved when not in use. 
A standard CSBPR 2525M 12 toolholder, visible in Figure 5. 3 clamped in 
the indexable tool post on the lathe, was employed for the cutting 
tests. When held in this toolholder, the cutting geometry of the 
inserts was as follows: back: rake 0°, side rake 6°, side clearance 
angle sO, end clearance angle 11°, end cutting edge angle lsD and 
approach angle lsD. 
5.2 Inserts Used in Cutting Tests 
In this section the inserts used in the cutting tests to study the 
effect of TiN coating grain size, microhardness and thickness on the 
cutting perfo:cnance of CVD TiN coated FM BT42 grade HSS inserts are 
described in sane detail. '1\..o points must be emphasised; first it 
was intended to study the effect of each of these three coating 
characteristics in turn, independently of the remaining two, and 
second the measure of coating grain size adopted was that of the 
grains on the surface of the TiN coatings, since fran the earlier work 
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(see Sections 3.2 and 3.3) this was known to be representative of the 
size of the grains .in the bulk structure (except close to the coating/ 
substrata interface) and, crucially, could be assessed non-
destructively. 
5. 2 .l T:i.N coating grain size inserts 
· In order to .independently study the effect of T:i.N coating gra.in size 
on cutting performance it was, of course, necessary to have two sets 
of TlN coated FM BT42 grade HSS .inserts with T:i.N coatings of the same 
(or very similar) mic:rohardness and thickness, but different gra.in 
size, the difference in grain size preferably being as large as 
possible. A detailed .inspection of the relevant characteristics of the 
CVD TiN coatings obtained in the present work, from the standard 
deposition oondi tions coating :run (see Section 3. 2) and fran the study 
of the effect of process parameters (see Section 3. 3), revealed that 
two sets of TlN coated FM HSS .inserts meeting these requirements did 
not already exist fran that work. The major problem was that the T:i.N 
coatings exhibiting the largest difference in grain size also 
exhibited significant differences .in mic:rohardness and thickness. 
It was, however, known from the survey of previous work on the 
characterisation and characteristics of CI1D T:i.N coatings, presented .in 
Section 2.1, that the CI1D TlN coatings investigated by Whittle(l6) had 
a small gra.in size (see Figure 2. 5) .in canparison to that of nost of 
the CI1D TlN coatings obtained .in the present work (see Figures 3.15, 
3.46, 3.47 and 3.48). As previously described in Olapter 1, the TlN 
coatings investigated by Whittle were chemically vapour deposited on 
as-sintered PM BT42 grade HSS inserts in the low pressure Bernex 
reactor at Edgar Allen Tools; the as-s.intered .inserts employed by 
Whittle being ncminally identical to those used .in the present work. 
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The micrahardness values detennined by Whittle for the TiN coating an 
two of the as-coated inserts which he investigated were 1801 and 1831 
kg rrm-2 (see Section 2.1.6 and Table 2.1). Further, as-coated inserts 
remaining from Whittle's work were available with TiN coating 
thicknesses ranging fran approximately 3 to 8 )Jm. 
Reference to Tables 3. 7, 3.16, 3 .17 and 3 .18 revealed that the TiN 
coatings fran the present work with a microharclness nearest to that of 
the coatings investigated by Whittle were toose fran run 5 (N2/TiC14 
mole ratio 26.23), with microhardnesses of 1775 and 1774 kg mm-2 
(Table 3.16). Further, it can be seen fran Table 3.12 that the TiN 
coating thickness range detennined for ten of the as-coated inserts 
fran run 5 (see Section 3.3.1) overlapped that of the TiN coatings on 
the available as-coated inserts remaining fran Whittle's work. l'bst 
:irnp:)rtantly of all, <Xl!lParisan of the surface grain stJ:ucture of the 
TiN coating on the as-coated inserts fran nm 5 and that of the TiN 
coating on the as-coated inserts fran Whittle's worl<:, shown in Figures 
3.46(j) and 2.5 respectively, revealed that they were of a similar 
norphology, but that, as desired, they had significantly different 
grain sizes, the grain size of the former being oansiderably larger 
than that of the latter. 
On this basis, it was concluded that it was feasible for the two 
desired sets of TiN coated m HSS inserts to be used to study the 
effect of coating grain size an cutting performance to be respectively 
drawn fran those remaining fran run 5 in the present work and those 
remaining from Whittle's work. Attention was then directed to 
fulfilling the equal coating thickness requirement. To this end, the 
thickness of the TiN coating an the rake face of all the as-coated 
inserts remaining fran nm 5 and fran Whittle's work was determined 
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utilising the ball-cratering technique previously described in Section 
3.2.2. Comparison of the values obtained led ultimately to the 
selection of six as-coated inserts from run 5 and six as-coated 
inserts fran Whittle's work w!U.ch all had a TiN coating thickness 
within the range 6.9 to 7.4 ~m. SEM examination of the surface of the 
TiN coating on the rake face of the six as-coated inserts selected 
fran nm 5 confirmed that, in each case, the grain size did not differ 
significantly fran that previously observed in the present work, shown 
in Figure 3.46(j). . Similarly, SEM examination of the surface of the 
TiN coating on the rake face of the six as-coated inserts selected 
fran Whittle's ~ confi.nned that, in each case, the grain size did 
not differ significantly fran that previously observed by Whittle, 
shown in Figure 2.5. Consequently, all twelve as-coated inserts were 
then heat treated to harden and temper their HSS substrata, using the 
procedure described earlier in Section 3.1.3. Vickers haraness tests, 
subsequently performed on the area of HSS substrata previously exposed 
by ball-cratering, revealed that the hardness of the HSS substrata of 
all twelve heat treated, coated inserts was within the range 875-915 
HV30. 
As a final check, one of the six heat treated, coated inserts fran 
:run 5 and one of the six heat treated, coated inserts fran Whittle's 
work were sectioned using a dianond impregnated slitting saw, and, 
using the procedure described earlier in Section 3.2.6, low-angle 
taper sections were produced utilising one half of each insert. The 
micmhardness of the TiN coating on the heat treated, coated insert 
fran :run 5 i.e. the large grain size TiN coating, and that of the 
coating on the heat treated, coated insert fran Whittle's work i.e. 
the snall grain size TiN coating, was then detennined using the, by 
OCM, standard prooedure (see Section 3.2.6). The values obtained are 
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shown in Table 5. 2 (the variations in microhardness with distance fran 
the coating/substrate interface for the taper-sectioned coatings are 
shown in Figures A4 .1 and M. 2 in Appendix 4). As can be seen fran 
Table 5.2, the microhardness values determined f= the large grain 
size TiN coating and the snall grain size TiN coating were essentially 
the same and, further, did not differ significantly from the 
corresponding values previously determined in the present wo:rk (Table 
3.16, N2/TiC14 1101e ratio 26.23) and by WhittleC 16> (Table 2.1). It 
was therefore deemed that the remaining five heat treated, coated 
inserts fran run 5, i.e. the large grain size TiN coating inserts, and 
the remaining five heat treated, coated inserts fran Whittle's wo:rk, 
i.e. the small grain size TiN coating inserts, fulfilled all the 
previously stipulated requirements and hence would be used in the 
cutting tests to study the effect of TiN coating grain size an cutting 
perfonnance. The substrata hardness and TiN coating thickness of each 
of these inserts is listed in Table 5. 3. 
5.2.2 TiN coating mic:rohardness inserts 
As with coating grain size, in order to independently study the effect 
of TiN coating microhardness an cutting perfonnance it was necessary 
to have two sets of TiN coated PM BT42 grade HSS inserts with TiN 
coatings of the same (or very similar grain size and thickness, but 
different microharclness, the difference in microhardness preferably 
being as large as possible. A further detailed inspection of the 
relevant characteristics of the CVD TiN coatings obtained in the 
present work, fran the standard deposition conditions coating run (see 
Section 3.2) and fran the study of the effect of process parameters 
(see Section 3.3), revealed that two sets of TiN coated PM HSS inserts 
ccmpletely satisfying these requirements did not already exist fran 
that work. Hc:Mever, there were two sets of coated inserts which 
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alrrost met these requirements: th::lse frcrn run 7 (Nz/Ticl4 mle ratio 
21.45, deposition temperature 1000°C, total flow rate 5500 1 hr-1 ) and 
frcrn run 10 ( Nz/TiC14 mle ratio 18. 54, deposition temperature 1050°C, 
total flow rate 4500 1 hr-1 ). As can be seen frcrn Figures 3.47(c) and 
(d) and 3.48(e) and (f), the grain size of the TiN coatings on the 
inserts frcrn these b.o nms was, as desired, essentially the same, 
whilst, as is evident fran Tables 3.17 and 3.18, their micrahardness 
differed significantly, again as desired. The only problem was that, 
as shcwn in Table 3.12, their coating thickness ranges did n:>t overlap 
sufficiently to fulfil the equal coating thickness requirement. 
Consequently, it was decided to carry out another coating run 
(designated run number 11) using the same deposition temperature, 
TiC14 bath temperature and gas flow rates as in run 10 (see Table 
3.10), but to reduce the deposition time from 60 minutes to 50 
minutes, in order to obtain TiN coated inserts with a coating 
thickness range more substantially overlapping that of the coated 
inserts fron run 7. There. was, unfort:Lmately, a ccmplication; an 
insufficient number of as-sintered inserts for this puiilOS9 remained 
fron the single batch used in the experimental ~ up to this point 
(see Section 3 .1.1) • A new batch of as-sintered PM BT42 grade HSS 
inserts had h:Mever been manufactured at Edgar Allen Tools by the 
route previously described in Section 3.1.1. All these inserts had 
been sintered together and ground together and were produced fron one 
consignment of preal1oyed powder. However, they differed fron the as-
sintered inserts used in the experimental work up to this point in 
one, alth::lugh only one, important respect: they had been surface 
ground on their rake, bottom and clearance surfaces whereas, as 
described in Section 3 .1.1, the as-sintered inserts used up to this 
point had been surface ground an their rake and bottom surfaces only, 
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their clearance surfaces being left in the as-sintered condition. 
Crucially, it was known from Maddison's work(88) (see Section 4.1.1) 
that CIJD TiN coated IM BT42 HSS inserts whose clearance faces had been 
surface ground prior to CIJD of their TiN coating, exhibited a superior 
cutting perfo:rmance to coated inserts whose clearance faces had been 
left in the as-sintered condition. To obtain meaningful. results from 
the cutting tests to be carried out in the present work to study the 
effect of TiN coating mi=hardness on cutting performance, this fact 
clearly dictated that if the new ground clearance face inserts were to 
be used in :run 11, and there was no alternative, then additionally 
another coating :run ~d have to be carried out tmder exactly the 
same deposition conditions as :run 7 but also using the new ground 
clearance face inserts. This is what was done. 
As previously specified, coating :run number 11 was carried out using 
the same deposition temperature, TiC14 bath temperature and gas flow 
rates as in :run 10, but for a deposition time of 50 minutes, and 
another coating :run (designated :run number 12) was carried out tmder 
exactly the same deposition conditions as nm 7, with fifty of the new 
ground clearance face inserts being coated in each nm. Both nms were 
carried out in chamber 4 of the Plansee reactor at Edgar Allen Tools, 
utilising only level 2 as before (see introduction to Section 3.3). 
Exactly the same coating procedures as previously were used; the 
readings taken at five minute intervals during nms 11 and 12 being 
respectively sl1cmn in Tables Al.l2 and Al.l3 in Appendix 1. Also as 
previously, at the end of each coating nm the arrount of TiC14 which 
had been used was detennined by weighing, and the value thus obtained 
used, together with the N2 gas now rate, to calculate the actual 
N2 /TiC14 mole ratio achieved, using the procedure illustrated in 
Appendix 2. The N2/TiC14 IrOle ratios thus calculated for nms 11 and 
12 were 19.38 and 20.39 respectively. 
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The thickness of the TiN ooating on the rake face of aJ.l the as-ooated 
inserts fran runs 11 and 12 was then determined utilising the ball-
cratering technique previously described in Section 3.2.2. Conparison 
of the values obtained led ultimately to the selection of six as-
ooated inserts fran run 11 and (fortuitously, for reasons which will 
beo::xne evident later in this section) seven as-ooated inserts fran run 
12, which aJ.l had a TiN ooating thickness within the range 4.6 to 5.0 
)llll. SEM examination of the surface of the TiN ooating on the rake face 
of the six as-ooated inserts selected fran run 11 oonfinned that, in 
each case, the grain size did not differ significantly from that 
previously observed f= the TiN ooating on the rake face of the as-
coated inserts from run 10, shown in Figures 3. 48 ( e) and ( f) • 
Similarly, SEM examination of the surface of the TiN ooating on the 
rake face of the seven as-coated inserts selected from run 12 
confirmed that, in each case, the grain size did not differ 
significantly fran that previously observed f= the TiN ooating on the 
rake face of the as-coated inserts from run 7, shown in Figures 
3.47(c) and (d). AdditionaJ.ly these SEM examinations oonfinned that 
the grain size of the TiN coatings on the selected inserts fran runs 
11 and 12 was, as required, essentially the same. Consequently, aJ.l 
thirteen as-ooated inserts were then heat treated to harden and temper 
their HSS substrata, using the prccedure described earlier in Section 
3.1.3. Vickers hardness tests, subsequently performed on the area of 
HSS substrate previously exposed by ball-cratering, revealed thet the 
hardness of the HSS substrata of all thirteen heat treated, ooated 
inserts was within the range 875-900 HV30. 
As a final check, one of the six heat treated, ooated inserts fran run 
11 and one of the seven heat treated, coated inserts fran run 12 were 
sectioned using a diazrond impregnated slitting saw, and, using the 
prccedure described earlier in Section 3.2.6, !CM-angle taper sections 
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were pnxiuced utilising one half of each insert. The microhardness of 
the T:!N coating on these ~ heat treated, coated inserts was then 
detennined using the standard prooedure (see Section 3. 2. 6) . The 
values obtained are shown in Table 5.4 (the variations in 
microhardness with distance fran the coating/substrata interface for 
the taper-sectioned coatings are shown in Figures M.3 and M.4 in 
Appendix 4). As can be seen fran Table 5.4, the microhardness value 
detennined for the T:!N coating on the heat treated, coated insert fran 
run 11 did not differ significantly from the values previously 
detennined for the T:!N coating on the as-coated inserts fran run 10 
(Table 3.18, total flow rate 4500 1 hr-1). However, as is also evident 
fran Table 5.4, the microhardness value detennined for the TiN coating 
on the heat treated, coated insert fran run 12 was considerably higher 
than the values previously detennined for the TiN coating on the as-
coated inserts fran run 7 (Table 3.17, deposition temperature 1000°C). 
This was, obviously, a rather worrying result. Consequently, the 
microhardness of the T:!N coating on aoother of the seven heat treated, 
coated inserts from run 12 was similarly determined, the result 
obtained being again shown in Table 5.4 (the variation in 
microhardness with distance fran the coating/substrata interface for 
this taper-sectioned coating is shown in Figure A4.5 in Appendix 4). 
It is clear fran Table 5.4 that the microhardness values detennined 
for the TiN coating on the ~ heat treated, coated inserts fran run 
12 did not themselves materially differ. Since these microhardness 
values were still significantly lower than that of the TiN coating on 
the heat treated, coated insert fran run ll, it was deemed that the 
remaining five heat treated, coated inserts fran runs 11 and 12 still 
fulfilled all the previously stipulated requirements and hence could 
be used in the cutting tests to study the effect of TiN coating 
microhardness on cutting perfo:rmance. The substrata hardness and TiN 
coating thiclmess of each of these inserts is listed in Table 5. 5. 
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It is felt necessary, before concluding this section, to carment on 
the higher microhardness values obtained for the TiN coating on the 
heat treated, coated inserts from run 12 c.f. those previously 
determined for the TiN coating on the as-coated inserts fran run 7, 
since these tw::> =ating runs, as des=ibed earlier, were carried out 
under nominally identical deposition conditions, albeit with a 
considerable time interval between them. Reference to Figure 3.53, 
showing the effect of deposition temperature on TiN coating 
microhardness determined in the present \'.U:z:k, suggests that the oost 
likely cause of the higher microhardness values exhibited by the TiN 
coating deposited in run 12 c.f. that deposited in run 7 is that the 
real deposition temperature during run 12 was higher (by approximately 
15°C) than that during run 7. As previously explained in the 
introduction to Section 3.2, readings of reactor temperature during 
the coating runs in the Plansee reactor at Eclgar Allen 'IOOls were 
taken fran the top, middle and bottan temperature controllers, fran 
the chart re=rder and fran a digital therm::meter, with the latter 
reading taken as indicating the actual deposition temperature. 
Reference to Tables A1.13 and Al.B, showing the. readings taken during 
runs 12 and 7 respectively, indicate that whilst the digital 
therm::meter readings taken during the tw::> runs were identical, as 
indeed they should have been given the above remarks, the temperature 
controller and chart recorder readings taken during run 12 were 
consistently higher, significantly, by 15°C in the case of the chart 
recorder, than those taken during run 7. Whilst certainly not 
conclusive, this is nonetheless canpletely consistent with the higher 
microhardness values exhibited by the TiN =ating deposited in run 12 
c. f. that deposited in run 7. 
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5. 2. 3 TiN coating thickness inserts 
. 
On the basis of the results obtained .in previous investigations of the 
effect of ooating thiclmess on the cutting performance of CVD coated 
cutting tools (see Section 4. 3), it was decided that the study of the 
effect of TiN coating thickness on the cutting performance of CVD TiN 
coated PM BT42 grade HSS inserts to be carried out .in the present ~ 
>-PUld be rrore wide ranging than those concerned with TiN coating grain 
size and microhardness, .in that a range of, rather than just two TiN 
coating thiclmesses >-PUld be .involved. Of course, to .independently 
study the effect of such a range of TiN coating thiclmess on cutting 
performance, it was necessru:y to have a whole series of TiN coated PM 
BT42 Grade HSS inserts with TiN coatings of the same (or very s:!.milar) 
grain size and microhardness but different thiclmess. Even a cursory 
.inspection of the relevant characteristics of the CVD TiN coatings 
obtained earlier in the present work (see Sections 3.2 and 3.3) 
revealed that such a series of TiN coated PM HSS inserts did rot 
already exist fran ·that oorl!:. HcMever a series of CVD TiN coated PM 
BT42 grade HSS inserts with TiN coatings of different thiclmess did 
exist elsewhere. Their origin is detailed below. 
As previously explained in Chapter 1, the work of this thesis 
constituted the third phase of a oollaborative research prograzrme 
between Edgar Allen Tools, Sheffield, and Loughborough University of 
Technology. The fourth phase of this programne, which began srortly 
after the study of the effect of process parameters on the 
characteristics of CVD TiN coatings, reported .in Section 3.3. of this 
thesis, had been canpleted, was concerned with a canparative study of 
TiN, TiC, TiN/TiC and TiC/TiN ooated PM HSS inserts. In the early 
stages of this fourth phase, it had been decided that it was necessru:y 
to detenn.ine optimum TiN and TiC ooating thiclmesses. To facilitate 
detennination of the former, and with reference to the results of the 
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process parameters study carried out in the present =rk (Section 
3.3), Lamsehchi(lS) performed five TiN coating :runs in chamber number 
4 of the Plansee reactor at Edgar Allen Tools, using the same 
deposition temperature, TiC14 bath temperature and gas flow rates as 
used in run 10 of the present work (see Table 3.10), but using 
deposition times of 20, 40, 60, 70 and 90 minutes. Fifty of the ground 
clearance face PM BT42 grade HSS inserts previously referred to in 
Section 5.2.2 of this thesis were coated in each run; these five 
coating :runs resulting in the series of TiN coated PM BT42 grade HSS 
inserts with TiN coatings of different thickness referred to earlier. 
It was recognised that if they fulfilled the equal coating grain size 
and microhardness requirements of the present =rk, then in addition 
to being used by Lamsehchi, this series of TiN coated PM HSS inserts 
could also be used in the present w:Jrk. It was further recognised that 
this could, in fact, facilitate the study of the effect of TiN coating 
thickness on cutting performance to be carried out in the present 
work, and the determination of optimum TiN coating thickness by 
Lamsehchi, being combined. Consequently, the experimental work 
described in the remainder of this section (Section 5.2.3) was shared 
between the author and Lamsehchi. 
The thickness of the TiN coating an the rake face of all the as-coated 
inserts fran the five coating runs carried out by Lamsehchi was first 
determined utilising the ball-cratering technique previously described 
in Section 3.2.2. This led ultimately to the selection of seven sets 
of five as-coated inserts with TiN coatings increasing in. thickness in 
approximately 1 11 m increments O<Jer the range fran approximately 2 to 8 
llm. As desired, SEM examination of the surface of the TiN coating an 
the rake face of each of these 35.as-coated inserts revealed no 
significant variations in grain size. Consequently, all 35 as-coated 
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inserts, plus a set of five zero coating thickness (i.e. unooated, 
ground clearance.face PM BT42 grade HSS) inserts, were then heat 
treated to harden and temper their HSS substrate, using the procedure 
described earlier in Section 3.1.3. Vickers hardness tests 
subsequently performed, on the area of HSS substrate previously 
exposed by ball-cratering in the case of the coated inserts and in the 
centre of the rake face in the case of the zero coating thickness 
inserts, revealed that the hardness of the HSS substrate of all 40 
heat treated inserts was within the range 875-920 HV30. Finally, one 
of the five heat treated, coated inserts with a TiN coating thickness 
of approximately 4 ].!m, one with a coating thickness of approximately 6 
J.lffi and one with a coating thickness of approximately 8 J.l m, were 
sectioned using a diamond impregnated slitting saw. Using the 
procedure described earlier in Section 3.2.6, low-angle taper sections 
were then produced utilising one half of each insert and the 
microhardne.ss of the TiN coating on each insert determined, using the 
standard procedure. The values obtained are shown in Table 5. 6 (the 
variations in microhardness with distance fran the coating/substrate 
interface for the taper-sectioned coatings are shown in Figures A4. 6 
to A4. 8 in Appendix 4) • As can be seen fran Table 5. 6, these three 
microhardne.ss values did not differ significantly and hence it was 
deemed that the remaining 37 heat treated, coated inserts fulfilled 
all the previously stipulated requirements and consequently were 
suitable for use in the cutting tests to study the effect of TiN 
coating thickness on cutting performance. The substrate hardness and 
TiN coating thickness of each of the 32 heat treated, coated inserts 
finally selected for this purpose, fran the 37 inserts available, is 
listed in Table 5.7. 
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It should be noted that in light of the above, the decision was made 
that the study of the effect of TiN coating thickness on cutting 
performance to be carried out in the present work and the 
detennination of optinrum TiN coating thickness by Larnsehchi would be 
canbined. Consequently, the cutting tests 1-=K subsequently carried 
out to study the effect of TiN coating thickness on the cutting 
perfonnance of CVD TiN coated IM BT42 grade HSS inserts (described in 
Section 5.3.3 of this thesis) was also shared between the author and 
Larnsehchi. 
5.3 CUtting Tests 
~ types of cutting test were carried out to study the effect of TiN 
coating grain size, microhardness and thickness on cutting 
performance: tcol life and tcol wear tests. Both types of test were 
performed at a feed of 0.254 nrn rev-1 and a depth of cut of 2.0 nrn, 
with a coolant consisting of a 30:1 mixture of water and Shell 
'Dranus' oil directed onto the inserts at a flow rate of 0.5 1 rnin-1• 
In the tcol life tests cutting was simply continued uninterrupted 
until catastrophic tcol failure occurred. This criterion was chosen to 
define tcol life in the present work since it is one of the three 
criteria recommended by the ISO( 111 ) for this purpose and had 
previously been successfully used by Whittle(l6) and Lewus(l7) 
reSPectively in their work on the cutting perfonnance of CIJD TiN and 
TiC coated IM BT42 grade HSS inserts. The tcol wear tests were also 
continued to catastrophic failure, but in these tests cutting was 
interrupted at regular intervals. At each interruption, in-situ 
optical measurements were made of average flank wear land length, 
maxinrum b.u.e. height, maxinrum end clearance face wear land length, 
maxinrum crater depth and maxinrum crater width, using the equipnent 
described earlier in Section 5.1.2. These measurements are 
illustrated in Figure 5.4. 
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5.3.1 TiN coating grain size cutting tests 
Two tool life tests and two tool wear tests were carried out at 
cutting speeds of 47.5 and 55 m min-1 using both the large and small 
grain size TiN coating inserts detailed in Table 5.3. The tool lives 
determined fran the fonner tests are shown in Table 5. 8, whilst the 
tool wear measurements obtained fran the latter tests are presented in 
Figures 5.5 to 5.12, showing the increase in flank, end clearance and 
crater wear of the inserts with cut distance. It is evident fran 
these figures that all the wear CUJ:Ves consist of an initial period of 
breaking-in wear follCMed by steady-state wear extending to or near to 
catastrophic failure. Linear regression analysis was therefore 
employed to calculate the steady-state wear rate and oorrespond:ing 
correlation coefficient for each of the wear curves, the values 
determined being shown in Table 5. 9. The maximum bue heights measured 
during the tool wear tests are sumnarised in Figure 5.13. Each value 
shown represents the average of all the maximum bue height 
measurements taken in that particular test. 
5.3.2 TiN coating microhardness cutting tests 
Two tool life tests and two tool wear tests were carried out at 
cutting speeds of 50 and 57.5 m min-l using both the TiN coated 
inserts of coating micrahardness "-2000 kg nrn-2 and those of coating 
micrahardness "'1600 kg nrn-2 detailed in Table 5.5. The tool lives 
determined fran the fonner tests are shown in Table 5.10, whilst the 
tool wear measurements obtained fran the latter tests are presented in 
Figures 5.14 to 5.21, showing the increase in flank, end clearance and 
crater wear of the inserts with cut distance. It is evident fran 
these figures that, as before, all the wear curves consist of an 
initial period of breaking-in wear followed by steady-state wear 
extending to or near to catastrophic failure. Linear regression 
analysis was thus again employed to calculate the steady-state wear 
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rate and co=esponding co=elation coefficient for each of the wear 
CUIVes, the values determined being shown in Table 5.11. The max:iJnum 
bue heights measured during the teal wear tests are sunrnarised in 
Figure 5.22. Each value shown represents the average of all the 
max:iJnum bue height measurements taken in that particular test. 
5.3.3 TiN =atinq thickness cutting tests 
Two teal life tests but only one teal wear test were ca=ied out at 
cutting speeds of 50 and 57. 5 m min -l using inserts fran each of the 
eight sets detailed in Table 5. 7. The teal lives determined fran the 
former tests are shown in Table 5.12 and are also presented in Figures 
5. 23 and 5. 24 plotted against coating thickness. The wear measurements 
obtained fran the teal wear tests are presented in Figures 5. 25 to 
5.40, showing the increase in flank, end clearance and crater wear of 
the inserts with cut distance. It should be noted that in the teal 
wear tests ca=ied out with the zero coating thickness (i.e. uncoated) 
inserts only, it was observed that with increasing cut distance a 
point was eventual! y reached when the worn crater extended to the end 
cutting edge and subsequently broke out on to the end clearance face, 
this point occu=ing at approx:ilnately 50% of the teal life of the zero 
coating thickness inserts. It is evident fran Figures 5.25 to 5.40 
that, with two exceptions (TiN coating thickness 1.85 )Jm, cutting 
speed 50 m min-1, crater wear CUIVes - onset of wear significantly 
delayed following ccmnencement of cutting, see Figure 5.26) all the 
wear CUIVes again consist of an initial period of breaking-in wear 
succeeded by steady-state wear extending to or near to catastrophic 
failure. As previously, linear regression analysis was therefore 
employed to calculate the steady-state wear rate and co=esponding 
correlation coefficient for each of the wear CUIVeS obtained. The 
values determined are shown in Table 5.13. In addition, the steady-
state wear rates are shown plotted against coating thickness in 
Figures 5.41 to 5.44. The max:iJnum bue heights measured during the teal 
wear tests are summarised in Figures 5.45 and 5.46. Each value shown 
represents the average of all the max:iJnum bue height measurements 
taken in that particular test. 
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Finally, to assist in accounting for the observed effect of TiN 
coating grain size, microhardness and coating thickness on the cutting 
performance of the CVD TiN coated PM BT42 grade HSS inserts, it was 
decided to carry out an examination of worn TiN coated inserts. To 
this end, two of the four TiN coated inserts with a coating thickness 
of approx:iJnately 4 )Jffi, detailed in Table 5. 7, were used to cut at a 
speed of 50 m min-1 under the same cutting conditions as employed 
previously. As in the tool life tests, cutting was uninter:rupted, 
but, with reference to the relevant results obtained fran the tool 
life tests carried out to study the effect of TiN coating thickness, 
was terminated at approximately 50% of tool life. One of the 
resulting worn coated inserts was then mounted in Buehler "Epanet" 
with its end cutting edge used during cutting flush with the surface 
of the mount and its rake face oormal to it. It was then lapped and 
polished, utilising the procedure previously des=ibed in Section 
3. 2. 3, so as to obtain a metallographic section through its worn flank 
and rake surfaces corresponding to section A-A in Figure 5.4. 'lhe 
remaining worn coated insert was similarly mounted, but with its major 
cutting edge used during cutting flush with the surface of the mount, 
and then lapped and polished so as to obtain a metallographic section 
through its worn end clearance and rake surfaces corresponding to 
section B-B in Figure 5.4. 'Tile two sections were then etched in 5% 
pi=al and subjected to a high magnification optical examination. 
Figures 5.47 to 5.50 show the nature of the worn surfaces observed. 
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Figure 5.2 Lathe and (some of) associated equipment used 
in cutting tests 
Figure 5.3 Equipment to measure tool flank and crater wear 
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Figure 5.8 Increase in average flank wear land length, maximum end clearance face wear land length, maximum 
crater depth and maximum crater width with cut distance. Cutting speed 47.5 m min-1. Small grain 
size TiN coating insert. Test 2 
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Figure 5.9 Increase in average flank wear land length, maximum end clearance face wear land length, maximum 
crater depth and maximUUl crater width with cut distance. Cutting speed 55 mmin-1.. Large grain 
size TiN coating insert. Test 1. 
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Figure 5.10 Increase in average flank wear land length, maximum end clearanceface wear land lergth, maximum 
crater depth and maximum crater width with cut distance. cutting speed 55 m min-
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Increase in average flank wear land length, maximum end clearance face wear land length, maximum 
crater depth and maximum crater width with cut distance. Cutting speed 55 m min-1. small grain 
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Figure 5.20 Increase in average flank wear land length, maximum end clearance face wear land length, maximum crater 
depth and maximum crater width with cut distance. Cutting speed 57.5 m min-1. TiN coated insert of coating 
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depth and maximum crater width with cut distance. cutting speed 57.5 m min- 1 • TiN coated insert of 
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Increase in average flank wear land length, maximum end clearance face wear land length, maximum crater 
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Figure 5.27 Increase in average flank wear land length, maximum end clearance face wear land length, maximum crater 
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Figure 5. 29 Increase in average flank wear land length, maximum end clearance face wear land length, maximum crater 
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Increase in average flank wear land length, maximum end clearance face wear land length, maximum 
crater depth and maximum crater width with cut distance. Cutting speed 50 m min-1. TiN coated insert 
of coating thickness 6.35-~m. 
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depth and maximum crater width with cut distance. Cutting speed 50 m min-1. TiN coated insert of coating 
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Figure 5.47 Section through worn flank surface of TiN 
coated insert of coating thickness 4 UID· 
Cutting speed 50 mmin-1. Etchant 5% picral. x 1000 
Figure 5.48 Section through worn end clearance surface of 
TiN coated insert of coating thickness 4 um. 
Cutting speed SO mmin-1. Etchant 5% picral. xlOOO 
(a) 
(b) 
Figure 5.49 Section normal to major cutting edge through 
worn rake surface of TiN coated insert of coating 
thickness 4 ~m. 
(a) Adjacent to major cutting edge, (b) Rear end 
of worn crater. Cutting speed SO mmin-1. Etchant 
5% picral. xlOOO 
(a) 
(b) 
Figure 5.50 Section normal to end cutting edge through worn 
rake surface of TiN coated insert of coating 
thickness 4 ~m. (a) Side of worn crater near to 
end cutting edge, (b) Side of worn crater remote_ 
from end cutting edge. Cutting speed 50 mmin-1 
Etchant 5% picral. xlOOO. 
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Table 5.1 Chemical composition of isothermally annealed 817M40 
workpiece material 
<llemical canposition, wt. % 
c Si Mn s p Ni er 
0.39 0.31 0.60 0.037 0.009 1.39 1.19 0.28 
Table 5. 2 Micrahardness of large and small grain size TiN coatings on 
heat treated, coated inserts fran nm 5 and fran Whittle's 
work ( 16) respectively 
Microhardness 
kg nm-2 
Average 
Maximum 
Standard 
deviation 
Large grain size 
TiN coating 
1785 
1849 
1687 
49 
Small grain size 
TiN coating 
1822 
1908 
1739 
36 
Table 5.3 Substrata hardness and coating thickness of heat treated, 
coated inserts used in cutting tests to study effect of TiN 
coating grain size on cutting perfo= 
Insert m.nnber Substrate hardness, Coating thickness, 
HV30 \lffi 
Large grain size TiN coating 
1 912 6.96 
2 897 7.12 
3 901 7.30 
4 890 7.33 
5 909 7.39 
Small grain size TiN coating 
6 876 6.93 
7 905 7.11 
8 876 7.14 
9 890 7.15 
10 897 7.26 
Table 5.4 Microhardness of TiN coatings on heat treated, coated 
inserts fran run 11 and run 12 
Microhardness Run 11 Run 12 
kg nm-2 Insert 1 Insert 1 Insert 2 
Average 2048 1601 1639 
MaXimum 2182 1743 1797 
Miniirn..nn 1913 1465 1465 
Standard 70 deviation 68 80 
-------- - - - - - ----------------- - -
Table 5.5 Substrata hardness and coating thickness of heat treated, 
coated inserts used in cutting tests to study effect of TiN 
coating microhardness on cutting performance 
Insert mnnber Substrata hardness, 
HV30 
Cbating thickness, 
urn 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
TiN coating mic:rohardness 2000 kg rrm-2 
897 
894 
887 
894 
897 
TiN coating mic:rohardness "'1600 kg rrm-2 
890 
883 
883 
876 
897 
4.60 
4.64 
4.65 
4.67 
4.76 
4.65 
4.80 
4.81 
4.92 
4.97 
Table 5.6 Microhardness of 4 \lm, 6 11m and 8 vm thick TiN coatings on 
heat treated, coated inserts £rein coating :runs carried out 
byLamsehchi 
Average 
Maximum 
Minimum 
Standard 
deviation 
411 m thick 
TiN coating 
2052 
2185 
1857 
83 
6 \lffi thick 
TiN coating 
1999 
2105 
1850 
66 
8 \lffi thick 
TiN coating 
2012 
2185 
1857 
85 
-------- --- - ---------~- ----
Table 5. 7 Substrate hardness and coating thickness of heat treated, 
coated inserts used in cutting tests to study effect of TiN 
coating thickness on cutting perfonnance 
Insert number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
Substrate hardness, 
HV30 
920 
912 
919 
919 
876 
905 
897 
920 
876 
897 
876 
890 
919 
905 
919 
919 
890 
912 
905 
912 
883 
897 
876 
883 
876 
876 
890 
912 
912 
897 
905 
897 
Coating thickness, 
llffi 
0 
0 
0 
0 
1.80 
1.81 
1.83 
1.85 
3.00 
3.03 
3.13 
3.21 
4.14 
4.15 
4.15 
4.28 
5.15 
5.19 
5.21 
5.22 
6.09 
6.09 
6.33 
6.35 
6.91 
7.12 
7.14 
7.16 
7.91 
8.11 
8.25 
8.32 
Table 5.8 Tool lives determined for large grain size and small grain 
size TiN coating inserts 
Tool life, min 
Cutting Test 
speed number Large grain size SmaJ.l grain size 
m mi.n-1 TiN coating TiN coating 
1 25.10 15.60 
47.5 
2 21.03 13.28 
1 7.56 4.58 
55.0 
2 7.76 4.73 
L__-------------------------~--- - - - - --
- -- ----------·--- --- -
Table 5.9 Steady-state flank, end clearance, crater depth and crater 
width wear rates determined for large grain s~ze and small 
grain size T:!N coating inserts 
Steady-state wear rate, mn m-1 x 104 
(correlation coefficient) 
Cutting Test 
speed number Average Maximum Maximum Maximum 
m min-1 flank end crater crater 
wear land clearance depth width 
length wear land 
length 
Large grain size T:!N coating 
1 0.106 0.177 1.12 5.89 
(0.934) (0.937) (0.974) (0.993) 
47.5 
2 0.236 0.266 1.10 5.19 
(0.964) (0.924) (0.963) (0.993) 
1 0.556 0.611 3.87 17.0 
(0.917) (0.898) (0.995) (0.996) 
55.0 
2 0.367 0.293 3.66 19.4 
(0.917) (0.839) (0.983) (0. 995) 
Small grain size T:!N coating 
1 0.471 0.888 1.87 7.31 
(0.980) (0.990) (0.994) (0.997) 
47.5 
2 0.744 0.774 2.09 10.30 
(0.986) (0.980) (0.975) (0.982) 
1 0.731 1.850 3.73 19.70 
(0.946) (0.988) (0.994) (0.996) 
55.0 
2 0.731 1.850 3.73 19.70 
(0.986) (0.982) (0. 998) (0.997) 
Table 5.10 Tool lives detennined for TiN coated inserts of coating 
microhardness ~2000 kg mm- 2 and those of coating 
microhardness ~1600 kg rrm-2 
Tool life, min 
Cutting Test 
speed number TiN coating mi=- TiN coating mi=-
. -1 hardness hardness m = ~ 2000 kg rrm-2 ~ 1600 kg rrm-2 
1 22.13 22.03 
50.0 
2 20.41 22.33 
1 4.20 3.75 
57.5 
2 3.41 3.76 
Table 5.11 Steady-state flank, end clearance, crater depth and crater 
width wear rates determined for 2iN coated inserts of 
coating microhardness "-2~ kg mn- and those of coating 
mi=hardness "-1600 kg mn-
Steady-state wear rate, mn m-1 x 104 
(correlation coefficient) 
Qltting Test 
speed number Average Max:imum Maximum Max:imum 
. -1 flank wear end clearance crater crater m rrun 
land length wear land depth width 
length 
TiN coating microhardness "'2000 kg mn-2 
1 0.174 0.183 0.836 5.74 
(0.941) (0.972) (0.993) (0.998) 
50 
2 0.116 0.140 0.947 4.02 
(0.918) (0.934) (0.982) (0.998) 
1 0.500 0.495 5.29 35.30 
(0.797) (0.738) (0.999) (0.998) 
57.5 
2 0.355 1.180 4.41 27.80 
(0.859) (0.973) (0.993) (0.995) 
TiN coating mi=hardness "'1600 kg mn-2 
1 0.162 0.137 1.29 6.06 
(0.939) (0.889) (0. 979) (0.999) 
50 
2 0.216 0.150 0.683 4.07 
(0.937) (0.920) (0.992) (0. 995) 
1 0.858 0.431 4.66 23.70 
(0. 968) (0.896) (0.986) (0.998) 
57.5 
2 0.624 0.592 4.92 24.00 
(0.882) (0.896) (0.999) (0.998) 
Table 5.12 T=l lives detenn:ined for TiN coated inserts of different 
=ating thickness 
Cutting speed 50 m min-1 Cutting speed 57. 5 m min - 1 
Coating T=l life, Coating T=l life, 
thickness, llm min thickness, llm min 
0 8.27 0 3.15 
0 11.25 0 2.25 
1.80 19.70 1.75 6.00 
1.83 21.58 1.85 3.83 
3.13 17.92 2.90 4.45 
3.17 17.18 3.21 6.83 
4.15 17.63 4.14 3.75 
4.15 19.02 4.28 4.93 
5.15 27.72 5.21 4.97 
5.19 26.80 5.22 5.25 
6.09 46.55 6.09 10.58 
6.22 43.80 6.33 9.47 
7.12 44.83 6.88 11.87 
7.14 51.57 7.16 7.45 
8.11 26.68 7.95 6.53 
8.25 21.92 8.36 9.00 
Table 5.13 
Coating 
thidmess, 
j.lm 
steady-state flank, end clearance, crater depth and crater 
width wear rates determined for TiN coated inserts of 
different coating thidmess 
Steady-state wear rate, nm m-1 x 104 
(correlation coefficient) 
Average 
flank wear 
land length 
Maximum end 
clearance 
wear land 
length 
Maximum 
crater 
depth 
CUtting speed 50 m min-1 
Maximum 
crater 
width 
0 4.481(0. 991) 3.215( 0. 983) 3.414( 0. 993) 12.65(0. 999) 
1.85 0.249(0.974) 0.227(0.940) 2.021(0.990) 9.91 (0.981) 
3.13 0.172(0.927) 0.233(0.968) 1.482(0.984) 8.06 (0.998) 
4.15 0.167(0.967) 0.202(0.953) 0.733(0.995) 7.17 (0.985) 
5.15 0.091(0.950) 0.208(0.985) 0.892(0.987) 5.212(0.996) 
6.35 0.056(0.906) 0.063(0.916) 0.441(0.990) 2.506(0.992) 
7.16 0.082(0.970) 0.098(0.970) 0.504(0.980) 2.693(0.993) 
8.25 0.079(0.912) 0.091(0.952) 0.792(0.990) 4.020(0.989) 
CUtting speed 57.5 m min-1 
0 6.021(0.985) 5.886(0.971) 9.185(0.988) 47.72(0.977) 
1.85 1.172(0.957) 3.559(0.939) 5.252(0.993) 37.30(0.996) 
3.00 0.887(0.953) 1.242(0.935) 4.486(0.988) 28.58(0.977) 
4.15 1.268(0.984) 1.776(0.981) 5.094(0.981) 28.16(0.996) 
5.21 1.104(0.961) 1.301(0.988) 4.781(0.991) 23.34(0.994) 
6.33 0.592(0.969) 1.077(0.969) 2.489(0.992) 17.22(0.993) 
7.14 0.716(0.986) 0.955(0.973) 2.219(0.987) 11.56(0.995) 
7.91 1.069(0.931) 0.434(0.849) 4.119(0.995) 23.79(0.997) 
CHAPTER 6 
DISCUSSION OF EXPERIMENTAL RESULTS 
6.0 DISaJSSION OF EXPERIMENTAL RESULTS 
In this chapter the. results obtained fran the characterisation of the 
standard dep:>si tion conditions ( Section 3. 2) TiN coating, fran the . 
study of the effect of process parameters on the characteristics of 
the CVD TiN coatings (Section 3. 3) and fran the study of the effect of 
coating characteristics on the cutting perfo:rmance of CVD TiN coated 
PM BT42 grade HSS inserts ( Cllapter 5) are discussed in three separate 
sections and related to the reSUlts of previous =rk ( sw:veyed in 
Cllapters 2 and 4) • It should be noted that in order to facilitate the 
rrost logical explanation of the results obtained in the present work, 
their discussion within the three sections of this chapter will not 
necessarily follow the same order in which the experimental work was 
originally carried out. 
6.1 Olaracterisation of TiN Coatings Cbanically Vapour neposited 
Under Standard neposi tion Conditions 
This first section deals with the characteristics of the TiN coatings 
chemically vapour deposited on PM BT42 grade HSS inserts in the 
Plansee CVD reactor at Edgar Allen Tools, under the standard 
deposition conditions employed by them. Not only are these 
characteristics discussed in detail, as previously specified in the 
introduction to Cllapter 2 they are also canpared to those previously 
obtained for CVD TiN coatings by both Whittle(l6) and other 
investigators. The conditions under which the"' 5.5 11m thick TiN 
coatings studied by Whittle were chemically vap:>Ur dep:>sited on PM 
BT42 grade HSS inserts in the Bernex reactor at Edger Allen Tools are 
specified in Table 6.1. 
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6.1.1 Elanental analysis 
From the AES composition-depth profile through the rake face TiN 
coating and coating/substrata interface of one of the as-coated PM 
BT42 grade HSS inserts characterised in the present work, shown in 
Figures 3.10 and 3.11, it can be seen that the CCI!l[:OSition of the 
outer 6 J.lffi of the TiN coating is essentially uniform with a formula of 
"'TiN0 . 78 and that an average of "' 3 at. % c is present in the coating. 
In the next 4 \liD of the coating, up to the coating/substrata 
interface, however, the amount of carbon present can be seen to 
steadily increase to "-15 at. %, indicative of the formation of 
Ti(C,N), until imnediately adjacent to the coating/substrata interface 
. the coating has a formula of Ti (Cc. 3 No. 7 ). The presence of this "'4 
).lm thick layer of Ti(C,N) of variable canposition adjacent to the 
coating/substrata interface can, undoubtedly, be associated with 
diffusion of carbon fron the PM BT42 grade HSS substrata. This will be 
discussed in detail in Section 6.2.1. It is also evident fron Figures 
3 .10 and 3 .11 that a significant anount of interdiffusion has occurred 
between elemental constituents of the coating and substrata, with 
vanadium, tungsten and I!Olybdenum fron the substrata having diffused 
furthest into the coating. This interdiffusion is hardly surprising 
given the high temperature at which CVD of the TiN coatings was 
carried out (1070°C, see Table 3.2). Fran Figure 3.11, it can also 
be seen that there is a local concentration of oxygen at/near the 
coating/substrata interface, which is probably associated with the 
formation of an oxide on the rake surface of the HSS insert pri= to 
CllD of the TiN coating. It is thought that this oxide is the resu1 t of 
ati!Ospheric oxidation of the matrix phase of the HSS (i.e. iron oxide) 
during surface grinding of the rake and bottan surfaces of the as-
sintered inserts (see Section 3 .1.1) • 
120 
As described earlier in Section 2.1.2, fran the AES analysis carried 
out on the rake face of one of the as-coated PM BT42 grade HSS inserts 
which he characterised in his work, Whittle<l6 l found that the 
canposition of the TiN coating was essentially uniform, with a fo:rmula 
of -oTiN0 . 8, until the coating/substrata interface was approached, and 
that an average of "'4 at. % C was present in the coating. Clearly, 
these results are in good agreement with tl'x)se obtained for the outer 
6 \lffi of the TiN coating investigated in the present wo:ck. Hc:Mever, 
although Whittle also detected an increase in the carbon present in 
the coating which he investigated adjacent to the coating/substrata 
interface, indicative of the formation of Ti(C,N), it was not as 
marked as that found in the present wo:ck, nor was the layer of Ti(C,N) 
formed anywhere near as thick as that formed in the present wo:ck. At 
first sight there appears to be a contradiction here, since the 
inserts which Whittle investigated were subject to a carburising 
treatment in the Bernex reactor at Edgar Allen Tools prior to CIID of 
the TiN coating (see Table 6.1). In fact, for reasons which will be 
made clear in Section 6.2, the difference observed must be due to a 
difference in the N2/TiC14 mole ratio at which the TiN coatings, in 
the present wo:rk and tl'x)se investigated by Whittle were deposited. 
This, unfortunately, cannot be proven since Whittle did not calculate 
the N2/TiC14 mole ratio at which his coatings were deposited. 
The TiN coating stoichianetry determined in the present work also 
canpares reasonably well with the valUe of TiNo. 72 apparent in the 
work by 'Ihcmpson et al< 36) for a TiN coating deposited on a steel 
substrate by an unspecified means (see Section 2.1.2). It is, hc:Jwever, 
much lower than the essentially stoichianetric ccmposition reported by 
Perry(38) for a chemically vapour deposited TiN coating on a DIN 
1. 2080 steel substrata. This may be due in part to the accuracy of the 
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EPMA. and AES techniques respectively used by Perry and employed in the 
present work to detennine coating canposition, and/or to the coatings 
being deposited under different conditions. The aforementioned 
presence of an average of -v3 at. % C in the outer 6 ~m of the TiN 
coating in the present work is not too surprising given that, as 
previously described in Section 2.1.2, O:lubb and Billingham< 22 l and 
O:lubb et al <24 l found "'14 at. % C in what was referred to as ncrninally 
pure TiN coating, whilst Thcmpscn et al ( 36) and Perry( 38 ) observed, "'7 
and -v3.5 at. % C respectively, in the TiN coatings which they 
investigated. 
6.1.2 X-ray diffraction 
As previously described in Section 3.2.1 and shown in Figure 3. 7, the 
TiN powder used in the present work for canparison purposes was found 
to have relative intensi ties which =espond very well indeed with 
those quoted for TiN in the ASTM powder diffraction file< 34 l. 
Consequently, as desired, the TiN powder sample can be classified as 
0 
being randcmly oriented. Also the lattice parameter value of 4.2330 A 
detennined for the TiN powder (see Table 3.4) canpares reasonably well 
0 
with the value of 4.24 A reported for TiN in the ASTM powder 
diffraction file. With reference to Figure 2.1 and to the canposition 
of the TiN powder used in the present work, shown in Table 3.3 (i.e. 
-vTiNo. 79 ), it is evident that the lattice parameter value detennined 
for the TiN powder is also within the range of those found previously 
for TiN of a comparable canposition. 
From Figure 3.8 it can be seen that there is some preferred 
orientation in the TiN coating on both the rake and flank faces of the 
as-coated inserts characterised in the present work. On both faces, 
the TiN coating gave {220} reflections"' 2.1 times as intense as those 
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fran the ranclanly oriented TiN powder. These results are in good 
agreement with the results of previous work on chemically vapour 
deposited TiN coatings (see Section 2 .1.1) . For TiN coatings on steel 
substrates, Takahashi and Itoh ( 19 ) observed strong preferred 
orientation of the {220} planes. Similarly, TiN coatings on cemented 
carbide substrates have also been found to exhibit preferred 
orientation of the {220} planes, although at low deposition 
temperatures (900°C) preferred orientation of the {111} planes has 
been found to predominate< 2l). Prefe=ed orientation of the 
{220}(23, 25,28) planes has also been observed in the case of TiN 
coatings on TiC pre-coated cemented carbide substrates, although 
preferred orientation of the {111}< 20•22,24,26) and {200}(25) planes 
has also been reported. 
The results obtained in the present work are, however, somewhat 
different to those obtained by Whittle(l6) for the TiN coatings on the 
as-coated inserts which he investigated. As described in Section 
2.1.1, Whittle found that the TiN coating on the rake face of the 
inserts gave {200} reflections nearly twice as intense and {220} 
reflections almost 1.5 times as intense as those from the same 
ranclanly oriented TiN powder as used in the present work, with similar 
results being obtained for the TiN coating on the flank face, although 
the reflections fran the {200} and {220} planes, particularly the 
latter, were not quite as intense. Since it has previously been 
established by several workers< 25•56, 76,77) (see Section 2.2.3) that 
increasing deposition temperature during the CVD of TiN coatings 
causes an increase in {220} preferred orientation, it seems reasonable 
to assume that the different preferred orientations of the TiN 
coatings observed in the present work and in that carried out by 
Whittle can be attributed to the different temperatures at which the 
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coatings were deposited (1070°C in the present w:>rk c.f. 950°C in 
Whittle's work- see Tables 3.2 and 6.1). 
With regard to lattice parameters; as can be seen frcm Table 3.4 the 
0 
average lattice parameter values of 4.2399 and 4.2378 A respectively 
obtained for the TiN coating on the rake and flank faces of the as-
coated inserts investigated in the present work are significantly 
0 
higher than the value of 4.2330 A obtained for the TiN powder used for 
canparison purposes. They do, however, canpare closely with the value 
of 4.24 A quoted by Wolf et al( 26) for TiN coatings chemically vapour 
depcsi ted an cemented carbide substrates and quoted for TiN in the 
AS'IM powder diffraction file< 34l, and reasonably well with the values 
of 4.237 A quoted by Takahashi and Itoh< 19 l for TiN coatings 
0 
chemically vapour deposited an steel substrates, and 4.2365 A quoted 
by Sjostrand< 20l for TiN coatings chemically vapour deposited on a 
TiC-coated cemented carbide substrate (see Section 2 .1.1) • As 
described in Section 6 .1.1, the conposi tion of the outer 6 li m of the 
TiN coating on the as-coated inserts characterised in the present work 
was essentially unifonn with a formula of"' TiNo. 78 which is virtually 
identical to that of the TiN powder used for comparison purposes 
( TiNo. 79 ) . This being the case, it is thought that the higher lattice 
parameter values obtained for the former can be attributed to t= 
factors. First, the aforementioned presence of an average of "-3 at. % 
C in the outer 6 \Jm of the TiN coating, since it is kncmn frcm 
previous w:>rk (see Figure 2. 2) , that the presence of carbon causes an 
increase in the lattice parameter of TiN. Second, the presence of 
internal strain in the TiN coating. 
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The average lattice parameter values of 4.2444 and 4.2411 A 
respectively obtained by Whittle(l6) for the TiN coating on the rake 
and flank faces of the as-coated inserts which he studied (see Section 
2.1.1) are clearly higher than those obtained f= the TiN coating on 
the rake and flank faces of the as-coated inserts characterised in the 
present work. It is thought likely that these differences can be 
predaninantly attributed to differences in internal strain between the 
TiN coatings investigated in the present work and those investigated 
by Whittle, arising frc:rn the different conditions under which they 
were deposited (see Tables 3.2 and 6.1). This is so because there is 
no significant difference in the bulk stoichianetry of the coatings, 
nor in the average amount of carbon present in the bulk of the 
coatings (-vTiN0•78 c.f. -vTiN0 •8(16 >; -v3 at. % c c.f. -v4 at. %C( 16) -
see Section 6.1.1). In support of this suggestion, the average lattice 
. 0 
parameter values of 4.2384 and 4.2367 A respectively obtained by 
Whittle< 16 ) f= the TiN coating on the rake and flank faces of the 
heat treated, coated inserts which he studied (see Section 2.1.1) are 
much closer to those obtained for the TiN coating on the as-coated 
inserts in the present work (see Table 3. 4), and as described in 
Section 2.1.1, Whittle< 16 ) attributed the lc:Mer lattice parameter 
values obtained for the TiN coating on the heat treated, coated as 
opposed to the as-coated inserts in his work to the lc:Mer level of 
internal stress in the coating after HSS substrate heat treatment 
caused by the formation of cracks in the coatings. 
6.1.3 Optical rnicrosoqpy 
From Figure 3.12, which shows polished and etched cross-sections 
through one of the as-coated FM BT46 grade HSS inserts characterised 
in the present work, it can be seen that the microstructure of the FM 
HSS substrate consists of relatively large angular carbides in a 
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=arse-grained, semi-martensitic matrix, with a significant amount of 
a dark etching phase, identified by selected area diffraction as 
pearlite< 112 l, evenly distributed throughout the microstructure at the 
grain boundaries. It can also be seen that a continuous band of 
pearlite is present in the substrata adjacent to the =ating/substrate 
interface on the rake face, with only isolated patches of pearlite 
present in the substrata adjacent to the coating/substrata interface 
on the flank face. 
As des=ibed in Section 2.1.3 and shown in Figure 2.3, Whittle< 16 l 
observed a scmewhat similar microstructure in the case of the as-
coated inserts which he investigated in his work. There was, however, 
significantly less pearlite evenly distributed throughout the 
mi=structure at the grain boundaries and the continuous band of 
pearlite present in the substrata adjacent to the =atingjsubstrate 
interface was nruch thinner. Since Whittle established that the TiN 
coated PM HSS inserts which he investigated were austenitic at their 
coating temperature of 950°C, it is possible that the increased amount 
of evenly distributed pearlite observed in the mi=structure of the 
as-coated inserts investigated in the present work is due to the 
ocoling rate in the Plansee C\1D reactor at Edgar Allen Tools used in 
the present work being less than that in the Bernex C\1D reactor at 
Edgar Allen Tools used by Whittle in his work, thus allowing =re of 
the austenite to transfonn to pearlite. Clearly, however, this does 
not explain the presence of the continuous band of pearlite in the 
substrata adjacent to the coating/ substrata interface on the rake 
face of the as-coated inserts investigated in the present work. In 
his work, Whittle attributed the presence of this band to the 
carburising treatment carried out in the Bernex reactor at Edgar Allen 
Tools prior to C\1D of the TiN coating (see Section 2 .1. 3 and Table 
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6 .1), and no such treatment was carried out in the Plansee reactor 
prior to the CVD of the TiN coating on the inserts studied in the 
present work. Also the layer of pearlite found in the substrata 
adjacent to the coating/substrata interface in the present work and in 
the work carried out by Whittle< 16 ) contrasts markedly with the layer 
observed by Ruppert< 45 l in a 1.0% c steel coated with TiN by CVD, 
stated to be cementite (see Section 2.1.3), and in the case of 
cemented carbide substrates coated with TiN by 
cvo< 26' 43' 44' 46' 48); with the decarburised rrcarbide layer observed 
in the substrata adjacent to the coating/substrata inter-
face<26,43,44,46,48). In fact, the presence of the continuous band 
of pearlite in the substrata adjacent to the coating/substrata 
interface on the rake face of the as-coated inserts investigated in 
the present work must, for reasons which will be made clear in 
Sections 6.2.1.7, 6.2.2.7 and 6.2.3.7, be due to the N2/TiC14 mole 
ratio, deposition temperature and total flow rate at which the TiN 
coating was deposited. 
With regard to coating thickness; it can be seen fran Table 3.5, which 
shows the values obtained for the thickness of the TiN coating on the 
rake and flank faces of two of the as-coated inserts characterised in 
the present work, that the values obtained for the two different 
inserts canpare reasonably well, particularly on the rake face. It is, 
h::lwever, also evident that the thickness of the TiN coating on the 
flank face is greater than that of the coating an the rake face. A 
similar effect, although not as marked, was noted by Whittle(l6) for 
TiN coatings chemically vapour deposited an the PM BT42 grade HSS 
inserts in the Bernex reactor. MJre significantly, h::lwever, as evident 
fran Figure 2. 3, the thickness of the TiN coatings .investigated by 
Whittle was approximately half that of the TiN coatings characterised 
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in the present work. As the deposition time of the fanner was six 
hours (see Table 6.1) whilst that of the latter was only one hour (see 
Table 3.2), then clearly the rate of deposition of the TiN coatings 
investigated in the present work was very considerably higher than 
that of the TiN coatings studied by Whittle. Since it has previously 
been established that high TiN coating deposition rates are the reSUlt 
of high deposition temperatures (see Section 2.2.3) and total flav 
rates (see Section 2.2.4), the effect of N2/TiC14 !!Ole ratio rot yet 
having been unequivocably established, then the higher deposition rate 
of the TiN coatings investigated in the present work can be 
preclani.nantly attributed to the fact that they were deposited at a 
temperature of 107r:PC and a total flav rate of 5500 1 hr-l (see Table 
3.2), whilst the TiN coatings studied by Whittle were deposited at a 
temperature of 950°C and a total flav rate of 614 l hr-1 (see Table 
6.1). 
6.1.4 Fractvg.<:aphy 
As previously described in Section 3.2.4, it was found from the 
fractography work carried out on the as-coated inserts in the present 
work that, in general, the grain structure of the TiN coating was 
relatively uniform along its length, with the fractographs presented 
in Figure 3.13 being representative of the grain structure !lOSt often 
observed. As can be seen from Figure 3.13, this consists of a 
relatively thick layer of fine, equi-axed grains adjacent to the 
coating/substrata interface, with very much larger grains, exhibiting 
a slight tendency towards colUmnar growth, in the bulk of the coating. 
With reference to the AES reSUlts obtained in the present work (see 
Section 6.1.1), there can be little doubt that the layer of fine, 
equi-axed grains adjacent to the coating/substrata interface 
corresponds to Ti( c, N) • 
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As des=ibed in Section 2 .1. 4 and as can be seen fran Figure 2. 4, a 
sanewhat similar grain structure was observed by Whittle(l6) for the 
TiN coatings which he investigated. However, in these coatings, the 
layer of fine, equi-axed grains (i.e. Ti(C,N) was much thinner than 
that observed in the TiN coating in the present ~. for the reason 
previously given in Section 6.1.1, and the grains in the bulk of the 
coating were much smaller than those observed in the TiN coating in 
the present work. Since it has previously been established (see 
Section 2. 2) that coarse TiN coating grain structures are consistent 
with high deposition rates, and, as described in Section 6.1.3, the 
rate of deposition of the TiN coatings investigated in the present 
work was very considerably higher than that of the TiN coatings 
studied by Whittle, for the reasons given in Section 6.1.3, then this 
accounts for the much larger grains in the TiN coatings investigated 
in the present work canpared to those in the TiN coatings studied by 
Whittle. 
In general, the TiN coating grain structure observed in the present 
work is consistent with that previously observed for CIJD TiN coatings 
on cemented carbide substrates (see Section 2.1.4). Also, in partial 
agreement with the suggestion made in the present ~. Wertheirn et 
al(Sl) state that the very fine grains present in TiN coatings 
adjacent to the coating/substrata interface are formed as a result of 
carbon diffusion fran the substrata. 
6.1.5 Surface condition assessnent 
A number of facts are evident from the results of the roughness 
measurements taken on the surface of the TiN coating on the rake and 
flank faces of two of the as-coated inserts characterised in the 
present work (shown in Table 3.6). First, it can be seen that the 
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surface roughness values obtained for the two different inserts 
compare reasonably well, both on their rake and flank faces, and 
second, it is imnediately evident that the surface roughness of the 
TiN coating on the flank face is significantly greater than that of 
the coating on the rake face. This fact is graphically co=borated by 
the typical Talysurf traces shown in Figure 3.14 f= the TiN coating 
on the rake and flank faces of one of the inserts. This result is, 
however, hardly surprising in view of the fact that, as described 
earlier in Section 3.1.1, the FM BT42 grade HSS inserts were ground on 
their rake (top) and bottan surfaces prior to coating, whilst the 
flank faces were left in their original as-sintered condition. 
As described in Section 2.1.5, a similar effect was noted by 
Whittle(l6) f= the TiN coating chemically vapour deposited on FM BT42 
grade HSS inserts which he studied. In addition, the surface roughness 
values obtained for the TiN coating on the rake face of the as-coated 
inserts investigated in the present work canpare reasonably well to 
those obtained by Whittle and do not differ substantially fran the 
values reP=ted by Horvath and Perry( 54 l and Habig( 55 l (see Section 
2.1.5). In the case of the flank face, however, the TiN coatings 
investigated in the present work are sane four times rougher than 
those studied by Whittle. This point will be returned to at the end of 
this section. 
The SEM micrographs of typical regions of the surface of the TiN 
coating on the rake and flank faces of one of the as-coated inserts 
characterised in the present work, shown in Figure 3.15, confirm the 
Talysurf surface roughness measurements obtained, in that the surface 
of the TiN coating on the flank face can be seen to be rougher and 
!TOre irregular than that of the coating on the rake face. A similar 
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observation was again made by Whittle(l6) for the TiN coatings which 
he studied. However, as is evident frcm a canparison of Figures 3.15 
and 2.5, although the surface grain structure of the TiN coating 
investigated in the present work is of the same form (i.e. pyramidal) 
as that of the TiN coating studied by Whittle, there is a significant 
difference in grain size, the surface grains of the TiN coating 
investigated in the present work being much coarser than those of the 
TiN coating studied by Whittle. This difference in surface grain size 
is canpletely consistent with the aforementioned difference in the 
size of the grains in the bulk of the TiN coatings investigated in the 
present M:Jrk and the work studied by Whittle (see Secticn 6.1.4) and 
can be accounted for in exactly the same manner. 
In view of the fact that the rake face surface roughness of the TiN 
coatings investigated in the present work and those studied by Whittle 
canpare reasonably well, as described earlier, it is thought unlikely 
that the aforementicned, significant difference in surface roughness 
of the coatings on the flank face of the inserts is the result of the 
coarser surface grain structure of the TiN coatings investigated in 
the present work. Rather, it is felt that it probably reflects 
differences in the flank face surface roughness of the as-sintered 
inserts used in the present M:Jrk and those used by Whittle. 
Finally, the pyramidal surface grain structure of the TiN coatings 
investigated in the present work is consistent with the results 
obtained £rem other investigations of the surface grain structure of 
chemically vapour deposited TiN coatings (see Secticn 2.1.5). 
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6.1.6 Mi~ss tests 
Fran the results of the microhardness tests can:-ied out on the TiN 
coating on the rake face of two of the as-coated inserts characterised 
in the present work, SUITI11arised in Table 3.7, it can be seen that the 
TiN coating microhardness values obtained for the two different 
inserts are, to all intents and purposes, identical. Whilst the 
microhardness of chemically vapour deposited TiN coatings have been 
determined by many researchers (see Section 2 .1. 6 and Table 2.1) it is 
not possible in every case to make exact comparisons between 
previously quoted values and those obtained in the present work due to 
the different loads used. Nonetheless it is clear that the previously 
quoted values are of the same order as those obtained in the present 
work. In the work ca=ied out by Whittle< 16) on TiN coatings 
chemically vapour deposited on FM BT42 grade HSS inserts, however, TiN 
coating microhardness was determined using the same load ( 25g) and 
exactly the same testing procedure and equipment as used in the 
present work, hence an exact canparison can be made in this one case. 
The average microhardness values of 2045 and 2047 kg mn-2 obtained for 
the TiN coatings investigated in the present work (see Table 3. 7) are 
higher than those of 1801 and 1831 kg mn-2 obtained by Whittle for the 
TiN coatings which he studied. This is, in fact, rather surprising. 
As described in Section 6 .1. 4, the grains in the TiN coatings studied 
by Whittle were considerab1 y finer than those in the TiN coatings 
investigated in the present work, and according to the work of 
Sjostrand< 20 ) (see Section 2.2.7) this should have caused the 
microhardness of the former coatings to be greater than that of the 
latter, and yet, as described, the reverse was found to be the case. 
Rather, it is suggested that the lower microhardness of the TiN 
coatings studied by Whittle, in canparison to those investigated in 
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the present work, is due to the different conditions under which they 
were deposited (see Tables 6. 1 and 3. 2). In support of this 
suggestion, it has been established elsewhere in the present work that 
the Nz/TiC14 rrole ratio, the deposition temperature and the total flow 
rate used during the CVD of TiN coatings all have an effect on TiN 
coating microhardness (see Figures 3. 52, 3. 53 and 3. 54 respectively) • 
This effect will be dealt with in Section 6. 2 of this chapter. 
6.1.7 Scratch adhesion tests 
As previously noted in Section 3.2.7 scratch adhesion tests were 
carried out on only heat treated, coated inserts and =t on as-coated 
inserts as a consequence of the lower hardness of the HSS substrata of 
the latter. Fran optical examination of the scratch channels produced 
on the two heat treated, coated inserts investigated in the scratch 
tests it was found, as previously described in Section 3.2.7, that at 
stylus loads up to and including 10 kg, the scratch channels were of a 
unif=n yellow appearance, but that at a stylus load of ll kg sane 
silvery areas were visible, and at a load of 12 kg virtually the whole 
of the scratch channel appeared to be silvery in appearance. As also 
described in Section 3.2.7, the two heat treated, coated inserts 
tested were given an evaporated carbon coating and the scratch 
channels on than co=esponding to the stylus loads of 10, 11 and 12 kg 
examined on an SEM fitted with an energy dispersive X-ray analyser, 
the latter being used to obtain Ti and Fek a elemental maps. No 
significant differences were observed between the scratch channels on 
the two different inserts; SEM micrographs of a typical region of 
each of the channels, together with the co=esponding elemental maps, 
for one of the inserts (insert 1, Table 3. 8) being shown in Figures 
3.22 to 3.24 respectively. 
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For the stylus load of 10 kg it can be seen frcm Figure 3. 22 that the 
TiN coating remains in the scratch channel, there being sane evidence 
of srroothing/smearing of the =ating, but no coating breakthrough. The 
latter is substantiated by the TiKct elemental scan acccmpanying this 
figure. In=easing the stylus load to 11 kg (see Figure 3.23) can be 
seen to have resulted in slight rerroval of the =ating frcm discrete 
regions of the scratch channel, witnessed by the corresponding changes 
in the Ti and FeK" elemental scans accompanying this figure. 
Increasing the stylus load still further to 12 kg can be seen frcm 
Figure 3. 24 to have resulted in rrore coating being rerroved frcm the 
scratch channel. It may therefore be concluded fran the foregoing 
that the =ating is srroothed at lCM stylus loads, with no =ating 
loss, but that with increasing stylus loads partial adhesive renova1 
of the coating frcm middle of the scratch channel oc=s. It is also 
clear frcm the above that optical examination of the scratch channels 
gives a reasonable indication of the stylus load at which coating 
removal begins to occur, the yellCM and silvery appearance in the 
scratch channels obviously corresponding to the TiN coating and HSS 
substrata respectively, the latter being exaggerated. 
The effect of increasing stylus load on the TiN coating observed in 
the present work is similar to that reported by Whittle< 16 l and to a 
lesser extent by Peny( 38 ' 39 ) for 5 urn and 7. 2 u m thick TiN =atings 
chemically vapour deposited on FM BT42 grade HSS and on DIN 1.2080 
steel substrates respectively (see Section 2.1.7). Not surprisingly, 
however, given the known effects of =ating thickness on critical load 
(see Section 2 .1. 7), the critical loads observed in the present work 
and in the work carried out by Whittle and by Peny are different. For 
his 5 urn thick TiN =ating Whittle reported a critical load of 8 kg 
whilst Peny reported a critical load of 9. 8 kg for his 7. 2 urn thick 
TiN coating, canpared to the critical load of 11 kg observed for the 
10 urn thick TiN coating studied in the present work. 
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6.2 Effect of Process Parameters on Characteristics of CVD TiN 
Coatings 
In this section, the results obtained fran the study of the effect of 
N2/TiCl4 mole ratio, deposition temperature and total flow rate on the 
characteristics of TiN coatings chemically vapour deposited on the PM 
BT42 grade HSS inserts in the Plansee reactor at Edgar Allen Tools are 
discussed, beginning with the effect of N2/TiC14 ratio. 
6.2.1 Effect of N2/TiC14 mole ratio on characteristics of CVD TiN 
coatings 
As described earlier in Section 3.3, five N2/TiC14 mole ratios were 
employed in this study at a constant deposition temperature of 105cPC 
and a constant total flow rate of 5500 1 hr -l. In order to simplify 
the identification of these five different N2/TiC14 mole ratios, they 
will be referred to using the desired values of 5, 10, 15, 20 and 25 
as opposed to the values of 5.07, 9.18, 14.79, 19.56 and 26.23 
actually achieved (see Table 3 .ll) . 
6.2.1.1 Effect of N2/TiC1 mole ratio on TiN coating catp?Sition 
As previously explained in Section 3.3.3, it was necessary (for 
financial reasons) to restrict AES analysis of the coatings deposited 
at the five different N2/TiC14 mole ratios investigated to titanium, 
nitrogen, carbon and oxygen analysis at three points in each coating; 
namely the centre, a point in the coating near to its surface and a 
point in the coating near to the coating/substrata interface but which 
was not in the coating/substrate diffusion zone. With regard to the 
latter, since the extent of the ooating/substrate diffusion zone in 
each coating could only be estimated fran previous experience, the 
results fran the analysis carried out at this point in each coating 
must be treated with a certain amount of caution. 
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Having said this, it can in fact be seen fran the results of the AES 
analysis shown in Figure 3.34 that, on the \'Otlole, the results obtained 
at the three points in each coating are reasonably consistent. The 
110st significant exception to this occurs in the case of the coating 
deposited at a N2/TiCl4 1101e ratio of 15, where the results obtained 
for the point near to the coating/substrata interface indicate a 
coating fonnula of Ti(Co. 21, No. 73 ) in c::crrparison to that of TiNe. 75 
indicated by the results obtained at the other two points. In this 
case it would therefore appear that either the point chosen was 
actually in the coating/substrata diffusion zone or that the 
c:arp:Jsition of the coating near to the coating/substrata interface is 
different to that of the bulk of the coating. This will be clarified 
in Section 6.2.1.2, with attention here now being focused on the 
effect of N2/TiC14 1101e ratio on the bulk c:arp:Jsition of the coatings. 
With reference to Figure 3.34, the bulk c:arp:Jsition of the coatings 
deposited at N2/TiC14 mole ratios of 5, 10, 15, 20 and 25 can 
respectively be expressed by the following formulae: Ti(c0 . 36, 
Na.62), Ti<Co.la•N0.64), TiNo.75• TiNo.75 and TiNo.75• approximately 1 
at. % C being present in each of the latter three coatings. These 
results clearly shcM that at N2/TiC14 mole ratios of 5 and 10, Ti(C,N) 
and not TiN coatings have been deposited, their carbon content 
decreasing significantly with increase in Nz/TiCl4 mole ratio fran 5 
to 10. The formation of these Ti(C,N) coatings is undoubtedly due to 
carbon diffusing fran the PM BT42 grade HSS substrata reacting with 
TiC14 (i.e. the substrata reaction), a similar effect having 
previously been noted in the case of the inserts coated with TiN in 
the Plansee plant at Edgar Allen Tools under their standard 
deposition conditions (deposition temperature = 1070°C, N2/TiC14 mole 
ratio = 16.14, total flow rate = 5500 1 hr-1 ). The difference, 
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however, is that in this case the whole of the coatings deposited at 
N2/TiC14 mole ratios of 5 and 10 consist of Ti(C,N) and not just a 
layer adjacent to the coating/substrata interface as observed 
previously (see Section 6.1.1). In explanation of this, it is 
suggested that at low N2/TiC14 mole ratios the substrate reaction 
plays a very significant part in the deposition process in concert 
with the gas reaction (i.e. the reaction of TiC14 with N2 and H2 ), 
probably due to a deficiency of N2 , but that with increasing N2/TiC14 
mole ratio the gas reaction gradually becanes the controlling factor 
in the deposition process with the substrata reaction being 
progressively inhibited, but not ccmpletely eliminated as will be 
shown later in Section 6.2.1.2. 
With regard to the TiN coatings deposited at N2/TiC14 11Dle ratios of 
15, 20 and 25; since, as previously described, these all have 
appraximately the same bulk fODliUla (TiN0 . 75 ), then it appears that 
once the N2/TiC14 mole ratio is high enough to inhibit the substrata 
reaction to such an extent that TiN and not Ti(C,N) is fonned in the 
bulk of the coating, further increase in the Nz/TiC14 mole ratio has 
no effect on the bulk stoichianetry of the TiN coatings. The latter 
results obtained in the present work are partly corroborated by these 
obtained by Nickl et a1< 75 l for TiN coatings chemically vapour 
deposited on TiN substrates (see Section 2.2.6), since they found that 
variation of Nz/TiC14 mole ratio within the range 10-20 had no visible 
influence on TiN coating ccmpcsition. 
6.2.1.2 Effect of N2/TiC14 mole ratio an TiN coating grain structure 
From Figure 3.40, which shows typical grain structures for the 
coatings deposited at the five different N2/TiC14 mole ratios 
investigated, it can be seen that the structure of the coatings 
137 
deposited at mole ratios of 5 and 10 is ccmpletely different to that 
of the coatings deposited at the higher mole ratios. Since, as 
previously described in Section 6.2.1.1, the former are Ti(C,N) and 
the latter TiN coatings, then this is presumably the reason for their 
different structures. Although rather difficult to delineate, it 
appears that the structure of the Ti(C,N) coatings consists of very 
fine, possibly equi-axed grains, which are sanewhat larger in the 
coating deposited at an N2/TiC14 mole ratio of 10 than in that 
deposited at a mole ratio of 5. This may be connected with the lower 
carbon and higher nitrogen content of the former (see Section 
6.2.1.1). In ccmplete contrast, the structure of the TiN coatings 
deposited at the higher N2/TiC14 mole ratios can be seen fran Figure 
3.40 to consist of a layer of very fine grains adjacent to the 
coating/substrata interface, with very much larger grains, exhibiting 
a tendency towards columnar growth, in the bulk of the coatings; the 
layer of fine grains being quite thick in the coating deposited at an 
N2/TiC14 mole ratio of 15, but much thinner in the coatings deposited 
at the two higher mole ratios. 
A similar structure was observed for the TiN coatings deposited in the 
Plansee reactor at Edgar All en Tools under their standard deposition 
conditions (deposition temperature = 1070°c, Nz/TiC14 mole ratio = 
16.14, total flow rate = 5500 1 hr-1 ). Since the layer of fine grains 
adjacent to the coating/substrata interface in these TiN coatings has 
been positively established to be Ti(C,N) (see Sections 6.1.1 and 
6.1.4), then it seems reasonable to assume that the similar layer 
present in the TiN coatings deposited at mole ratios of 15, 20 and 25 
in this part of the present work is also Ti(C,N), partiCUlarly since 
it is similar in structure to the Ti(C,N) coatings deposited at mole 
ratios of 5 and 10. This is, in fact, positively established by 
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the AES results obtained for the TiN coating deposited at an Nz/TiC14 
rrole ratio of 15. As previously described in Section 6.2.1.1, the AES 
results obtained for this coating at a point near to the 
coating/substrate interface, i.e. within the thicker layer of fine 
grains present in this coating adjacent to the coating/substrate 
interface (see Figure 3 .40( e) and (f) ) , indicate a coating fonnula of 
Ti( CcJ. 21, No. 73), as canpared to that of TiNo. 75 indicated by the 
results obtained at the two points in the bulk of the coating, clearly 
demonstrating that the layer of fine grains adjacent to the 
ooating/substrate interface is Ti(C,N). 
The results obtained fran this study of the effect of Nz/TiC14 rrole 
ratio on coating grain structure are seen as canpletely co=borating 
the suggested effect of Nz/TiC14 mole ratio an the deposition reaction 
made in Section 6.2.1.1, in particular, that with increasing Nz/TiC14 
rrole ratio, the gas reaction gradually becanes the controlling factor 
in the deposition process, with the substrate reaction (leading to the 
formation of Ti(C,N)) becoming progressively inhibited, but not 
completely eliminated. 
Finally, it appears fran Figure 3.40 that the size of the grains in 
the bulk of the TiN coatings deposited at Nz/TiC14 mole ratios of 15, 
20 and 25 decreases slightly with increasing role ratio. In direct 
contrast, as previously described in Section 2.2.6, for TiN coatings 
chemically vapour deposited on TiC-coated cemented carbide substrates, 
l<irn and Olun< 25 l found that the surface grain size of the TiN coatings 
increased with increase in N2/TiC14 mole ratio fran -vl3 to-v 33. 
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6.2.1.3 Effect of N2/TiC14 mole ratio on TiN coating thickness 
From Figure 3.25, which shows the effect of N2/TiC14 mole ratio on the 
thickness of the chemically vapour dep:)sited coatings, it is evident 
that increase in N2/TiC14 rrole ratio above a value of 15 has caused a 
continuous, albeit small decrease in TiN coating thickness. It would 
therefore appear that once the N2/TiC14 mole ratio is high enough to 
inhibit the substrata reaction to such an extent that TiN and not 
Ti(C,N) is formed in the bulk of the coating, further increase in mole 
ratio simply causes a decrease in TiN coating thickness. This result 
is in carplete agreement with the findings of Kim and Chun ( 25) . In 
their =rk on TiN coatings chemically vapour dep:)Sited on TiC-coated 
cemented carbide substrates, Kim and ClJ.Un found that as the N2/TiC14 
trole ratio was increased frcm "'13 to "-33 the rate of dep:)Sition of the 
TiN coatings decreased (see Section 2. 2. 6). 
The initial increase in coating thickness in the present =rk with 
decrease in N2/TiC14 trole ratio below 15, shown in Figure 3.25, is 
attributed to the increasing contribution of the substrata reaction to 
the dep:)sition process, leading to the dep:)Sition of a Ti(C,N) coating 
at a nole ratio of 10. However, as the contribution of the substrate 
reaction to the dep:)Sition process increases with decreasing N2/TiC14 
trole ratio, that of the gas reaction decreases; the decrease in 
coating thickness with decrease in N2/TiC14 trole ratio below 10 shown 
in Figure 3.25, being attributed to the rapidly decreasing 
contribution to the dep:)sition process of the gas reaction. 
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6.2.1.4 Effect of N2/TiC14 IIXlle ratio on preferred orientation and 
lattice parameter of TiN coatings 
Fran Figure 3.31, which shows the effect of N2/TiC14 IIXlle ratio on the 
lattice parameter of the chemically vapour deposited coatings, it is 
evident that the average lattice parameter values determined for the 
TiN coatings deposited at IIXlle ratios of 15, 20 and 25 do =t differ 
significantly fran each other. However, the range of lattice parameter 
values obtained for the coating deposited at an N2/TiC14 ratio of 15 
is clearly rruch larger than those obtained for the other two TiN 
coatings, possibly reflecting the much thicker layer of Ti(C,N) 
present in the fanner adjacent to the coating/substrata interface (see 
Section 6. 2 .1. 2) • It would appear fran these resu1 ts that once the 
N2/TiC14 mole ratio is high 9l'XJUgh to inhibit the substrata reaction 
to such an extent that TiN and l'Xlt Ti(C,N) is formed in the bulk of 
the coating, further increase in N2/TiC14 mole ratio has little effect 
on the lattice parameter of the TiN coatings. Whilst this is 
completely consistent with the observed effect of N2/TiC14 mole ratio 
on the bulk stoichianetry of the TiN coatings (see Section 6. 2 .1.1), 
it differs significantly fran the results of previous work carried out 
by Sadahiro et al ( 5G) (see Section 2. 2. 6) where it was found that as 
the N2/TiC14 mole ratio was increased fran a value of "-8, the lattice 
parameter of TiN coatings chemically vapour deposited on canented 
carbide substrates increased reaching a maximum at a mole ratio of 
"(30, and then decreased with further increase in mole ratio up to a 
value of "-80. 
Finally, the increase in lattice parameter of the coatings in the 
present work with decrease in N2/TiC14 mole ratio below 15, s!=m. in 
Figure 3.31, is of course due to the fact that the coatings deposited 
at N2/TiC14 mole ratios of 5 and 10 are Ti(C,N) and not TiN, and, in 
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particular, to the fact that the carbon =ntent of the fonner is 
greater than that of the latter (see section 6.2.1.1); it having 
previously been established that the lattice parameter of Ti(C,N) is 
greater than that of TiN and increases with increase in carbon =ntent 
(see Figure 2.2). 
Turning rt::M to the effect of N2/TiC14 rrole ratio on the preferred 
orientation of the chemically vapour deposited coatings; fran Figure 
3.28, which shows typical relative intensities for the coatings 
deposited at the five different N2/TiCl4 rrole ratios (canpared to the 
randan intensities for the TiN powder), it can first of all be seen 
that the Ti(C,N) coating deposited at a rrole ratio of 5 exhibits 
virtually no preferred orientation, whilst that deposited at a rrole 
ratio of 10 exhibits only slight preferred orientation of the {111} 
and {220} planes. This is consistent with the suggestion made in 
Section 6.2.1.2 that the structure of the Ti(C,N) coatings consists of 
very fine, possible equi-axed grains. In the case of the TiN coatings 
deposited at the higher N2/TiCl4 rrole ratios, it can also be seen fran 
Figure 3.28 that each exhibits preferred orientation of the {220} 
planes, but that this does not decrease in magnitude with increasing 
N2/TiC14 rrole ratio in the manner detemdned by Kim and Chun(25) for 
TiN coatings chemically vapour deposited on TiC-coated cemented 
carbide substrates (see Section 2.2.6). No definite trend in {220} 
preferred orientation with increasing N2/TiC14 rrole ratio is evident 
for the TiN coatings investigated in the present oork. The TiN coating 
deposited at a mole ratio of 15 also exhibits slight preferred 
orientation of the {lll} planes. 
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6.2.1.5 Effect of N2/TiC14 mole ratio on surface roughness and surface 
grain st:ructUl:e of TiN coatings 
The effect of Nz/Cl4 mole ratio on the surface grain structure of the 
chemically vapour deposited coatings will be considered first. Fran 
Figure 3.46, which shows typical surface grain structures for the 
coatings deposited at the five different Nz/TiC14 mole ratios, it can 
be seen that the surface grain structure of the coatings deposited at 
mole ratios of 5 and 10 is completely different to that of the 
coatings deposited at the higher mole ratios. Since, as previously 
des=ibed, the former are Ti(C,N) and the latter TiN coatings, then 
this is presumably the reason for their different surface grain 
structures. Although rather difficult to des=ibe, the surface of the 
Ti(C,N) coatings seans to consist of hemispherical danes of different 
sizes, clustered together in some cases, with very fine grains 
apparently present within them. In general, these danes appear to be 
sanewhat smaller on the surface of the coating deposited at a mole 
ratio of 10 than on the surface of that deposited at a nole ratio of 
5. In ccmplete contrast, the surface of the TiN coatings deposited at 
the higher N2/TiC14 mole ratios can be seen from Figure 3.46 to 
consist of grains which are pyramidal in form, although in the case of 
the coating deposited at a mole ratio of 15, there are occasional 
features reminiscent of the hemispherical danes present on the surface 
of the Ti(C,N) coatings deposited at the lower mole ratios. It also 
appears f:ran Figure 3. 46 that the size of the grains on the surface of 
the TiN coatings deposited at N2/TiC14 mole ratios of 15, 20 and 25 
decreases slightly with increasing mole ratio. This is consistent with 
the observed effect of N2/TiC14 mole ratio on the size of the grains 
in the bulk of the TiN coatings (see Section 6. 2 .1.2) , but in direct 
contrast to previous work on the effect of N2/TiCl4 mole ratio on the 
surface grain size of TiN ooatings. As described in Section 2.2.6, for 
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TiN coatings chemically vapour deposited on TiC-coated cemented 
carbide substrates, Kim and 0run< 25 l found that the surface grain size 
of the TiN coatings increased with increase in N2/TiC14 DDle ratio 
fran ,13 to ,33. 
Now considering the effect of N2/TiC14 mole ratio on the surface 
roughness of the chemically vapour deposited coatings: fran the values 
presented in Table 3.13, it initially appears that there is no 
discernible trend in coating surface roughness with increasing 
N2/TiC14 DDle ratio. Closer inspection, however, reveals that with the 
major exception of the surface roughness values obtained for the TiN 
coating deposited at a DDle ratio of 15, the remaining values, in 
general, suggest a decrease in coating surface roughness with 
increasing N2/TiC14 DDle ratio. This trend is visually =borated bY 
the SEM micrographs of the surface of the coatings sh:::Mn in Figure 
3. 46, and also bY the optical =ss-sections through the coatings 
shown in Figure 3.37. It is therefore suggested that the intrinsic 
effect of increasing N2/TiC14 DDle ratio is to cause a decrease in the 
surface roughness of the coatings, as a result of its aforementioned 
effect on coating surface grain structure. It is further suggested 
that the ananalous resu1 ts obtained for the TiN coating deposited at a 
DDle ratio of 15 may be attributable to grinding defects on the rake 
face of the as-sintered inserts used in that coating run. This latter 
suggestion is, in fact, given sane credence bY the typical Talysurf 
traces obtained for the coatings deposited at the five different 
N2/TiC14 DDle ratios, sh:::Mn in Figure 3.43, since the trace for the 
TiN coating deposited at a role ratio of 15 can be seen to exhibit 
significant number of spikes, suggestive of scratches on the rake face 
of the as-sintered inserts used. 
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6.2.1.6 Effect of N2/TiC14 DDle ratio an TiN coating microhardness 
rt is evident fran Figure 3.52, which shows the effect of N2/TiC14 
DDle ratio on the microhardness of the chemically vapour deposited 
coatings, that the microhardness values determined for the TiN 
coatings deposited at N2/TiC14 nole ratios of 15, 20 and 25 do not 
differ significantly fran each other. It WOUld therefore appear that 
once the N2/TiC14 nole ratio is high enough to inhibit the substrata 
reaction to such an extent that TiN and not Ti(C,N) is formed in the 
bulk of the coating, further increase in N2 /TiC14 mole ratio has 
little effect on the microhardness of the TiN coatings. This is 
canpletely consistent with the obseJ:Ved effects of N2/TiC14 nole ratio 
on the bulk stoichianetry (see Section 6. 2 .1.1) and lattice parameter 
(see Section 6.2.1.4) of the TiN coatings. The increase in 
microhardness of the coatings with decrease in the N2/TiC14 nole ratio 
below 15, shown in Figure 3.52, is of course due to the fact that the 
coatings deposited at N2/TiC14 nole ratios of 5 and 10 are Ti(C,N) and 
not TiN, and, in particular, to the fact that the carbon content of 
the former is greater than that of the latter (see Section 6. 2 .1.1); 
it having previously been established that the microhardness of 
Ti(C,N) is greater than that of TiN and increases with increase in its 
carbon content( 48 ) . 
6.2.1. 7 Effect of N2/TiC14 mole ratio on TiN coating/substrate 
interface 
Fran the polished and etched optical =ss-sections through the rake 
face of the inserts coated at the five different N2/TiC14 mole ratios, 
shown in Figure 3.37, it can be seen that with increasing N2/TiC14 
nole ratio, small, isolated patches of pearlite initially present in 
the PM HSS substrata adjacent to the coating/substrata interface have 
grc:M11 in both number and size to eventually fonn a continuous band of 
-~______/ 
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pearlite, which has then increased in thickness. Concanitant with 
this, patches of pearlite have begun to form at the grain lx>undaries 
throughout the bulk substrate microsb::ucture, increasing in both size 
and number with increasing N2/TiC14 1101e ratio. The first of these 
phencmena is seen as being directly attributable to the effect of 
Nz/TiC14 1101e ratio on the deposition reaction suggested earlier in 
Section 6.2.1.1, namely that at low Nz/TiC14 mle ratios the substrate 
reaction (i.e. carbon diffusing fran the PM BT42 grade HSS substrate 
reacting with TiC14 , leading to the formation of Ti(C,N) plays a 
significant part in the deposition process in concert with the' gas 
reaction, but that with increasing N2/TiC14 mole ratio, the gas 
reaction gradually becanes the controlling factor in the deposition 
process, with the substrata reaction being progressively inhibited but 
rot canpletely eliminated. 'lhis inhibition is suggested to cause a 
progressive build-up of carbon in the austenitic HSS substrate 
adjacent to the coating/substrate interface during coating, leading to 
transformation to pearlite on cooling of the inserts from their 
deposition temperature to roan temperature. The concanitant formation 
of increasing =ts of pearlite at the grain lx>undaries througrout 
the bulk substrate microstructure is seen as indicating that the 
diffusion of carbon from the bulk of the substrata to the 
coating/substrata interface takes place along grain boundary diffusion 
paths. 
It is also of interest to note fran the coating cross-sections shcMn 
in Figure 3.37, that the Ti(C,N) coatings deposited at N2/TiC14 mole 
ratios of 5 and 10 are mottled in appearance, and that the thicker 
layer of Ti(C,N) adjacent to the coating/substrata interface in the 
TiN coating deposited at a mole ratio of 15 can be similarly 
distinguished; the remainder of this TiN coating and those deposited 
at mole ratios of 20 and 25 being of uniform appearance. 
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Finally, it is evident from Table 3.12 (runs 1 to 5) that the average 
ooating thickness values determined from optical rreasurements on the 
two polished and etched =ss-sections produced through inserts ooated 
at each of the five different Nz/TiC14 roc>le ratios canpare reasonably 
well with the coating thickness values obtained using the ball-
cratering technique. 
6.2.2 Effect of depoSition taup:::§ture an characteristics of CVD TiN 
coatings 
In this section, the results obtained from the study of the effect of 
deposition temperature on the characteristics of TiN coatings 
chemically vapour deposited on the PM BT42 grade HSS inserts are 
discussed. As described earlier in Section 3.3, deposition 
temperatures of 950, 1000 and 1050°C were employed in this study at a 
"constant" N2/TiC14 roc>le ratio of 20 and a constant total flCM rate of 
5500 1 hr-1 . Attention is re-drawn to the fact that, as also described 
in Section 3.3, run 4 (Nz/TiC14 m:>le ratio 20, deposition temperature 
105aDC and total flCM rate 5500 1 hr-2 - see Table 3.10) was c:cmron to 
the study of the effect of Nz/TiC14 mole ratio discussed in the 
previous section and the study of the effect of deposition temperature 
to be discussed here. 
6.2.2.1 Effect of deposition 1.eup¥fature an TiN coating OCIIJ?C?Sition 
Since AES analysis of the ooatings deposited at the three different 
deposition temperatures was restricted for the same reason and in 
exactly the same manner as for the coatings deposited at the five 
different Nz/TiC14 llDle ratios (see Section 3.3.3), then the note of 
caution previously expressed at the beginning of Section 6.2.1.1 is 
equally applicable here. 
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This being said, it can in fact be seen frc:m the results of the AES 
analysis carried out on the ooatings deposited at the three different 
temperatures, shown in Figure 3.35, that the results obtained at the 
three points in each coating (i.e. the centre, near to the surface and 
near to the coating/substrata interface, but not in the 
coating/substrata diffusion zone) are reasonably consistent. With 
reference to Figure 3.35, the bulk composition of the coatings 
deposited at the temperatures of 950, 1000 and 1050°C can respectively 
be expressed by the following fonnulae: TiNo. 73, TiNo. 74 and TiNo. 75: 
approximately 2 at.% C also being present in each of the three 
coatings. These results clearly sbow first that all the coatings are 
TiN, and second that change in deposition ta:nperature over the range 
studied here has not had any significant effect on the bulk 
stoichianetry of the TiN ooatings. Given this, and the fact that the 
very small arrount of carbon found to be present in the bulk of the TiN 
ooating deposited at each of the three deposition temperatures is 
essentially the same and oonstant tl=ughout the bulk of each coating, 
it =uld appear that the predcminance of the gas reaction on the 
deposition process and the oorresponding inhibition but not ccmplete 
elimination of the substrata reaction, previously identified for an 
N2/TiC14 nole ratio of 20 and a deposition temperature of 1050°C (see 
Sections 6.2.1.1 and 6.2.1.2), is essentially unaffected by decrease 
in deposition temperature over the range studied. This will be 
considered further in the following section. 
6.2.2.2 Effect of deposition temperature on TiN coating grain 
structure 
Frcm Figure 3.41, which sbows typical grain structures for the TiN 
ooatings deposited at the three different deposition temperatures 
studied, it can be seen that, essentially, the structure of each 
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coating consists of a thin layer of fine grains adjacent to the 
coating/substrata interface (previously established to be Ti(C,N), 
with larger grains, exhibiting a tendency towards columnar growth in 
the bulk of the coatings. Since, as previously explained, the thin 
Ti(C,N) layer is formed by the substrata reaction (i.e. carbon 
diffusing from the PM BT42 grade HSS substrata reacting with the 
TiC14 ), these structures corroborate the suggestion made in the 
previous section that the predcminance of the gas reaction on the 
deposition process and the corresponding inhibition but not ca:nplete 
elimination of the substrata reaction previously identified for a 
N2/TiC14 mole ratio of 20 and a deposition temperature of 1050°C (see 
Sections 6.2.1.1 and 6.2.1.2), is essentially unaffected by decrease 
in deposition temperature over the range studied. 
It is also clear fran Figure 3.41 that the size of the grains in the 
bulk of the coating increases significantly with increase in 
deposition temperature. This will be discussed further in Section 
6.2.2.4. 
6.2.2.3 Effect of deposition tanpera.ture on TiN coating thickness 
Fran Figure 3.26, which shows the effect of deposition temperature on 
the thickness of the chemically vapour deposited TiN coatings, it is 
evident that with increasing deposition temperature the TiN coating 
thickness increases, this increase having been established to be 
exponential in nature. This result is hardly surprising since it has 
been found in many previous investigations that the growth of 
chemically vapour deposited TiN coatings on iron-base, iron-base 
powder metal, cemented carbide and TiC-coated cemented carbide 
substrates, is a thermally activated process with an exponential, 
Arrhenius-type relationship existing between deposition rate and 
deposition temperature (see Section 2. 2. 3) • 
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The activation energy for the CIJD of the TiN coatings on the FM BT42 
grade HSS inserts in the present M:>rk was determined by plotting ln of 
the average coating thickness (assuming that coating thickness o: 
deposition rate) of the ten inserts previously selected fran each of 
the coating runs carried out at the different deposition temperatures 
(see Section 3.3.1), against the reciprocal of absolute deposition 
temperature; an activation energy of 125 k;J !101-l (29.8 k cal !101-1 ) 
being subsequently evaluated from the gradient. This value of 
activation energy is =re than two-fold higher than the values of 47.7 
and 5l.lkJ !lOl-l obtained by OX) and 01un< 72 l and Sadahiro et al( 56) 
respectively for TiN ccatings chemically vapour deposited on canented 
carbide substrates (see Section 2. 2.3) • In contrast, for TiN coatings 
chemically vapour deposited on TiC-coated cemented carbide substrates, 
Kim and Chun< 25 l calculated activation energies of 39.4 kJ !lOl-l (9.4 
k. cal !101-1 ) and 309 'l<J !101-l (73.8 k. cal l!Ol-1 ) respectively for 
deposition temperatures greater than and less than 1000°C. They 
stated that, when the activation energy is less than 41.9 ·k!J !101-l (10 
k cal rrol -l) , the deposition reaction is controlled by mass transport 
and that when the activation energy is much greater than 41.9 k;J !lOl-l 
(10 ki cal rrol-1 ), the deposition reaction is controlled by surface 
reaction. It was thus concluded that, in their M:>rk, at deposition 
temperatures greater than lOOCPc the deposition reaction of TiN was 
controlled by mass transport, due to the calculated activation energy 
of 39. 4 kJ rrol -l ( 9. 4 k cal !!Ol -l) being less than the stated value of 
41. 9 k7 !lOl-l ( 10 k cal ml -l), whilst at deposition temperatures less 
than 1000°C it was controlled by surface reaction, due to the 
calculated activation energy of 309 kJ !lOl-l (73.8 k cal nol-1 ) being 
much higher than the stated value of 41. 9 k'J nol -l ( lO k cal l!Ol -l) . 
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Since the =tant activation energy of 125 kJ mol-l (29.8 k cal 
rnol-1 ) calculated for the present work lies between the values 
calculated by Kiln and Cllun, but closer to the lower than the higher 
value, it is conCluded that, in the present work, the TiN deposition 
reaction was not controlled either by mass transport or surface 
reaction, but rather that mass transport was rrore influential than 
surface reaction in the TiN deposition process. 
6.2.2.4 Effect of deposition te!!J)erature an surface roughness and 
surface grain structure of TiN coatings 
The effect of deposition temperature on the surface grain structure of 
the chemically vapour deposited TiN coatings will be considered first. 
Frcm Figure 3.47, which shows the typical surface grain structures 
determined for the TiN coatings deposited at the three different 
deposition temperatures studied, it can be seen that the m:::lrPhology of 
the surface grains on the TiN coatings deposited at the higher 
temperatures of 1000 and 1050°C is Clearly pyramidal, whilst at the 
lower deposition temperature of 950°C the morphology cannot, 
unambiguously, be classified as such. Sanewhat similarly, in previous 
work carried out by Schintlmeister and Pacher( 59) (see Section 2.2.3) 
a slight alteration in TiN coating surface grain structure was 
observed with decreasing deposition temperature; stellate crystals 
being found to be present in addition to simple pyramidal crystals on 
the surface of the TiN coating deposited at low temperature. 
It is, however, quite clear fran Figure 3.47 that the size of the 
grains on the surface of the TiN coatings deposited at the three 
different temperatures in the present work increases significantly 
with increasing deposition temperature. This is =istent with the 
effect of deposition temperature on the size of the grains in the bulk 
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of the TiN coatings observed in the present work (see Section 
6. 2. 2. 2), and in full agreement with previous ~ on the effect of 
deposition temperature on the surface grain size of TiN coatings, 
des=ibed in Section 2.2.3. It is suggested that the in=ease in ooth 
bulk and surface TiN coating grain size with in=ease in deposition 
temperature observed in the present work can be attributed to 
' increases in nucleus size and growth rate with increasing deposition 
temperature, a similar explanation having been given by Kim and 
Orun(25) in their~ (see Section 2.2.3). 
Tul:ning OCM to consider the effect of deposition temperature on the 
surface roughness of the chemically vapour deposited TiN coatings: 
the surface roughness values presented in Table 3 .14 for insert 2 and 
the typical Ta1ysurf traces presented in Figure 3.44 suggest an 
increase in surface roughness with in=easing deposition temperature. 
The surface roughness values presented for insert 1 in Table 3.14 and 
the SFM mi=ographs of the surface of the TiN coatings sl'x:!wn in Figure 
3.47, however, do not corroborate this trend. It appears, fran the 
optical =ass-sections through the coatings, sl1cmn. in Figure 3.38, 
that this contradiction may be accounted for in tenns of the initial 
surface roughness of the rake face of the as-sintered inserts. 
6.2.2.5 Effect of deposition ta•@ature on preferred orientation and 
lattice paraneter of TiN coatings 
Dealing first with the effect of deposition temperature on the 
preferred orientation of the chemically vapour deposited TiN coatings; 
fran Figure 3. 29, which shows typical relative intensi ties for the TiN 
coatings deposited at the three different deposition terrq;Jeratures 
studied ( canpared to the randcrn intensi ties for the TiN powder), it is 
evident that no visible trend in preferred orientation with deposition 
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temperature exists. This contrasts directly with the effect of 
deposition temperature on TiN coating prefe=ed orientation determined 
in previous work carried out by Sadahiro et a1< 56 l, Kim and Cl1un(25) 
and Takahashi and Itoh( 76 l. As described in Section 2.2.3, for TiN 
coatings chemically vapour deposited an cemented carbide, TiC-coated 
cemented carbide and iron-base substrates respectively, they found 
that preferred orientation of the {220} planes increased with increase 
in deposition temperature over the ranges 950-1050°C, 950-1150°C and 
900-ll00°C respectively. The lack of any trend in preferred 
orientation with increasing deposition temperature in the present ~rk 
may be due to the other deposition candi tions employed being different 
to those employed in the previous ~rk cited. 
Figure 3. 32 shcMs the effect of deposition temperature on the lattice 
parameter of the chemically vapour deposited TiN coatings determined 
in the previous work. Bearing in mind the scale used in the figure 
for the lattice parameter values, and the variation in the values 
determined for the TiN coatings at each deposition temperature, it is 
felt, with hindsight, that the apparent trend in the lattice parameter 
of the TiN coatings with increasing deposition temperature indicated 
by the average values in this figure is rather tenuous, and that it 
~d be nore scientific to conclude that there is no significant 
change in the lattice parameter of the TiN coatings with increasing 
deposition temperature. This conclusion is certainly consistent with 
the observed effect of deposition temperature on the bulk 
stoichicmetry of the TiN coatings (see Section 6. 2. 2.1). 
153 
6.2.2.6 Effect of deposition i.auperature on TiN coating microhardness 
Fran Figure 3.53, which shows the effect of deposition temperature on 
the microhardness of the chemically vapour deposited TiN coatings, it 
is clearly evident that coating microhardness increases significantly 
with increasing deposition temperature, fran a very low value at a 
deposition temperature of 950°C. This increase in TiN coating 
microhardness cannot be related to oonccmi tant changes in TiN ooating 
stoichiometry or internal strain with increasing deposition 
temperature, since it has been established (see Sections 6. 2. 2.1 and 
6.2.2.5 respectively) that change in deposition temperature over the 
range studied had no significant effect on either TiN coating 
cc:mposi tion or lattice parameter. However, as described in Section 
6.2.2.3 and shown in Figure 3.26, and as described in Sections 6.2.2.2 
and 6.2.2.4 and shown in Figures 3.41 and 3.47, increasing deposition 
temperature has been found to cause a significant increase in both the 
thickness and grain size of the TiN coatings respectively. The 
observed increase in TiN coating rnicrohardness with increasing 
deposition temperature is, however, thought unlikely to be related to 
the oonccmitant increase in ooating thickness, since, as previously 
described in Section 5. 2. 3, in the case of the TiN coated PM HSS 
inserts used to study the effect of TiN ooating thickness on cutting 
perfonnance, no change in TiN ooating microhardness was observed for a 
doubling of coating thickness fran 4 ~m to 8 ~ m (see Table 5. 6). The 
observed increase in TiN coating rnicrohardness with increasing 
deposition temperature is thought even less likely to be related to 
the oonccmitant increase in coating grain size, since this is the 
exact opposite of what has previously been found to be the case for 
TiN ooatings by Sjostrand< 20 l (see Section 2.2. 7) and also contradicts 
the Hall-Fetch equation. 
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A tentative, alternative explanation for the increase in TiN coating 
microhardness with increase in de:pJSi tian temperature observed in the 
present ~rk, is that it may be associated with a ooncanitant increase 
in crystal defect concentration. Whilst no experimental evidence is 
available to substantiate this suggestion, it is interesting to note 
that a similar explanation was advanced by Lewus(l7) to account for 
the increase in the microhardness of TiC coatings chemically vapour 
de:pJSi ted an PM BT42 grade HSS inserts with increasing deposition 
temperature which he observed in his work. Clearly rrore research is 
required in this area, particularly bearing in mind the aforanantioned 
very low microhardness value obtained in the present work for the TiN 
coating deposited at a temperature of 950°C (Figure 3.53), which was 
checked several times. 
6.2.2. 7 Effect of deposition 
interface 
on TiN coating/subst:rate 
Based on the observed effects of deposition temperature on TiN coating 
ccmposition and grain structure respectively, it has been suggested 
earlier in Sections 6.2.2.1 and 6.2.2.2 that the predan:inance of the 
gas reaction on the deposition process and the corresponding 
inhibi tian but not canplete elimination of the substrate reaction 
previously identified for an N2/TiC14 mole ratio of 20 and a 
deposi tian temperature at 1050°C is essentially unaffected by decrease 
in deposition temperature aver the range studied in the present work. 
This being the case, then in view of the link suggested in Section 
6.2.1.7 between N2/TiC14 rrole ratio, the gas and substrate reactions 
during TiN deposition and the presence of pearlite in the substrate 
adjacent to the coating/substrate interface, it might have been 
thought that, in respect of this pearli te, the as-coated 
microstructures of the inserts coated with TiN at the deposition 
155 
temperatures of 950 and 1000°C would have been the same as that of the 
inserts coated at 1050°C, since a "=tant" N2/TiC14 rrole ratio of 20 
was employed. It is quite clear fran the polished and etched =ss-
sections through the rake face of the inserts coated at the three 
deposition temperatures studied, shown in Figure 3.38, that this has 
rrost definitely rx:>t been found to be the case. Rather, it can be seen 
that decrease in deposition temperature caused an increase in the 
arrount of pearlite adjacent to the coating/substrata interface, this 
increase being particularly marked at the lowest deposition 
telrperature of 950°C. In explanation of this it is suggested that the 
rate at which mass transport of the reactant gases (TiC14 and N2 ) 
decreased with decreasing deposition temperature (mass transport of 
the reactant gases occurring through diffusion due to the 
concentration gradient of the reactant gases in the vicinity of the 
substrata) exceeded the rate of decrease of PM BT42 grade HSS 
substrata carbon diffusion. Since, as previously explained, the 
substrata reaction leading to the formation of Ti(C,N) is due to 
carbon diffusing fran the FM BT42 grade HSS substrata reacting with 
the TiC14 , then clearly the effect of the above with decreasing 
deposition temperature would be to cause a pzqp:essive build-up of 
carbon in the austenitic HSS substrata adjacent to the 
coating/substrata interface during coating, leading to transfonnation 
to pearlite on cooling of the inserts to roan temperature and hence to 
the as-coated microstructures shown in Figure 3. 38. 
Finally, it is evident fran Table 3.12 (runs 4, 6 and 7) that the 
average coating thickness values determined fran optical measurements 
on the twu polished and etched =ss-sections produced through inserts 
coated at each of the three different deposition temperatures, canpare 
reasonably well with the coating thickness values obtained using the 
ball-cratering technique. 
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6.2.3 Effect of total flow rate on characteristics of CVD TiN 
coatings 
In this section, the results obtained fran the study of the effect of 
total flow rate on the characteristics of TiN coatings chemically 
vapour deposited on the FM BT42 grade HSS inserts are discussed. As 
described earlier in Section 3.3, total flow rates of 2500, 3500, 4500 
and 5500 1 hr-l were employed in this study at a "constant" N2/TiC14 
role ratio of 20 and a constant deposition temperature of 1050°C. As 
also described in Section 3.3, run 4 (N2/TiC14 mole ratio 20, 
deposition temperature 1050°C and total flow rate 5500 1 hr -l - see 
Table 3.10) was COIIIon to the studies of the effect of N2/TiC14 role 
ratio and deposition temperature previously discussed in Sections 
6.2.1 and 6.2.2 and the study of the effect of total flow rate to be 
discussed here. 
6.2.3.1. Effect of total flow rate an TiN coating thickness 
Fron Figure 3.27, which shows the effect of total flow rate on the 
thickness of the chemically vapour deposited TiN coatings, it can be 
seen that with increasing total flow rate the TiN coating thickness 
increases, this increase being essentially linear in nature. This 
result is in agreement with sane of the previous work on total flow 
rate (see Sootion 2. 2. 4); it having been found by Sadahiro et al (56) 
that the thickness of TiN coatings chemically vapour deposited on 
cemented carbide substrates increases linearly with increasing total 
flow rate, and other workers< 43, ?2) have reported an increase in the 
thickness of TiN coatings chemically vapour deposited on cemented 
carbide substrates with increasing total flow rate. In contrast, 
Naik( 78 ) found that increases in total flow rate during the chemical 
vapour deposition of TiN coatings on cemented carbide substrates had a 
variety of effects on coating deposition rate, but that in no 
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instances were increases in total flCM rate found to produce sustained 
increases in deposition rate, indeed in four instances the reverse was 
found to be the case. In their rrore detailed work, Kim and 01un< 25 l 
found that the deposition rate of TiN coatings chemically vapour 
deposited on TiC-coated cemented carbide substrates increased alrrost 
linearly with increase in the square root of the total flCM rate for 
total flCM rates less than 0. 7 1 min -l, whilst for total flCM rates 
greater than 0. 7 1 min -l, the deposition rate was found to remain 
oonstant with increase in total flow rate. As previously described in 
Section 2.2.4, they infe=ed this to be due to two different 
mechanisms controlling the TiN deposition reaction: mass transport of 
the reactant gases for total flow rates less than 0. 7 1 min -l and 
surface reaction for total flow rates greater than 0.7 1 min-1 . 
Assuming coating thickness to be proportional to deposition rate, the 
rate of increase of TiN coating thickness with increasing total flow 
rate observed in the present work clearly lies between the higher and 
zero rates inferred by Kim and Chun to co=espond to the TiN 
deposition reaction being controlled by mass transport and surface 
reaction respectively, but closer to the fanner than the latter. It 
is thus concluded that, in the present work, the TiN deposition 
reaction was mt controlled either by mass transport or by surface 
reaction, but rather that mass transport was rrore influential than 
surface reaction in the TiN deposition process. It is pertinent to 
mte that exactly the same conclusion was reached fran the effect of 
deposition temperature on TiN coating thickness observed in the 
present work (see Section 6. 2. 2. 3) • 
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6.2.3.2 Effect of total flow rate an TiN coating composition 
Since AES analysis of the =atings deposited at the four different 
total flow rates was restricted for the same reason and in exactly the 
same manner as for the coatings deposited at the five different 
Nz/TiC14 rrole ratios and the three different deposition temperatures 
(see Section 3.3.3), then the note of caution previously expressed at 
the beginning of Section 6.2.1.1 is equally applicable here. 
This being said, it can in fact be seen fran the results of the AES 
analyses carried out on the =atings deposited at the four different 
total flow rates, shown in Figure 3.36, that the results obtained at 
the three points in each =ating (i.e. the centre, near to the surface 
and near to the coating/substrata interface, but not in the 
=ating/substrate diffusion zone) are, to all intents and pw:poses, 
consistent. With reference to Figure 3.36, the bulk ccmposition of the 
coatings deposited at the total flow rates of 2500, 3500, 4500 and 
5500 1 hr-l can respectively be expressed by the following fonnulae: 
TiNo. 72, TiNo. 76, TiNo. 75 and TiNo. 75; approximately 2 at.% c also 
being present in the bulk of each of the four coatings. These reSUlts 
clearly show first that all the coatings are TiN, second that change 
in total flow rate between 3500 and 5500 1 hr-1 has not had arr:1 
significant effect on the bulk stoichianetry of the TiN coatings, and 
third that decrease in total flow rate fran 3500 to 2500 1 hr -l 
apparently causes a reduction in N2 content of the TiN coatings, for 
reasons which are not clear. Despite the last of these findings, given 
the bulk stoichianetries of the TiN coatings and the fact that the 
small arrount of carbon found to be present in the bulk of the TiN 
coating deposited at each of the four total flow rates is essentially 
the same and constant throughout the bulk of each =ating, it would 
appear that, as with deposition temperature, the predcm:inance of the 
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gas reaction on the deposition process and the corresponding 
inhibition but not canplete elimination of the substrate reaction 
previously identified for an N2/TiC14 mole ratio of 20 and a total 
flow rate of 5500 1 hr-1 (see Sections 6.2.1.1 and 6.2.1.2), is 
essentially unaffected by decrease in total flow rate over the range 
studied. This will be considered further in the following section. 
6.2.3.3 Effect of total flow rate on TiN coating grain structure 
Fran Figure 3.42, which shows typical grain structures for the TiN 
coatings deposited at the four different total flow rates studied, it 
can be seen that essentially the structure of each coating consists of 
a thin layer of fine grains adjacent to the coating/substrata 
interface (previously established to be Ti(C,N)), with larger grains, 
exhibiting a tendency towards columnar growth in the bulk of the 
coatings. Since, as previously explained, the thin Ti(C,N) layer is 
fonned by the substrata reaction (i.e. carbon diffusing £ran the PM 
BT42 grade HSS substrate reacting with the TiC14 ), these structures 
corroborate the suggestion made in the previous section that the 
predaninance of the gas reaction on the deposition process and the 
corresponding inhibition but not canplete elimination of the substrata 
reaction previously identified for an N2/TiC14 mole ratio of 20 and a 
total flow rate of 5500 1 hr-1 (see SeCtions 6.2.1.1 and 6.2.1.2), is 
essentially unaffected by decrease in total flow rate over the rate 
studied. 
Finally, although the bulk grain size is not easy to delineate in the 
case of the TiN coating deposited at a total flow rate of 4500 1 hr -l, 
as the fractograph is not very clear, it appears frcm Figure 3. 42 that 
the size of the grains in the bulk of the TiN coating increases with 
increase in total flow rate. This will be clarified and discussed 
further in the following section. 
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6.2.3.4 Effect of total flow rate on surface roughness and surface 
grain structure of TiN coatings 
The effect of total flow rate on the surface grain structure of the 
chemically vap:JUr deposited TiN coatings will be considered first. 
Fran Figure 3.48, which shcMs the typical surface grain structures 
determined for the TiN coatings deposited at the four different total 
flow rates investigated, it can be seen that whilst the norphology of 
the surface grains on the TiN coating deposited at the total flow rate 
of 5500 1 hr-l is clearly pyramidal, there appears to be a subtle 
change in norphology with decrease in total flow rate below 5500 1 
hr-1, although this is difficult to categorise. It is h::Mever, quite 
clear frcm Figure 3. 48 that the size of the grains on the surface of 
the TiN coatings deposited at the four different total flow rates 
increases with increasing total flow rate. This clarifies the apparent 
effect of total flow rate on the size of the grains in the bulk of the 
TiN coatings referred to in the previous section. It is also in full 
agreement with previous =rk carried out by Kim and Orun ( 25 ), in which 
they found that the surface grain size of TiN coatings chemically 
vap:JUr deposited on TiC-coated cemented carbide substrates increases 
with increase in total flow rate up to a total flow rate of 0. 7 1 
min-1 (see Section 2.2.4). It is suggested that the increase in both 
bulk and surface TiN coating grain size with increase in total flow 
rate observed in the present IOClrk may be attributed to increase in 
nucleus size and growth rate with increasing total flow rate. 
Turning rt::M to consider the effect of total flow rate on the surface 
roughness of the chemically vapour deposited TiN coatings: frcm the 
roughness average values presented in Table 3.15, it can be seen that 
with the exception of the value detennined for insert 2 at a total 
flow rate of 2500 1 hr-1, increasing total flow rate caused an 
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increase in the surface roughness of the TiN coatings. This trend, 
which is co=borated by the typical Talysurf traces obtained for the 
coatings deposited at the four different total flow rates, shown in 
Figure 3.45, is attributed to the aforementioned effect of total flow 
rate on TiN coating surface grain size. 
6.2.3.5 Effect of total flow rate on prefe=ed orientation and 
lattice parameter of TiN coatings 
Dealing first with the effect of total flow rate on the preferred 
orientation of the chemically vapour deposited TiN coatings: b.o 
observations can be made from Figure 3.30, which shows typical 
relative intensities for the TiN coatings deposited at the four 
different total flow rates studied (canpared to the randcm intensities 
for the TiN powder) • First, it can be seen that the TiN coatings 
deposited at each of the four different total flow rates studied 
exhibit slight preferred =ientation of the {220} planes but that 
there is no discernible trend in {220} preferred =ientation with 
increasing total flow rate. This contrasts with the results of 
previous work carried out by Kim and Chun< 25 l on the effect of total 
flow rate on the preferred orientation of TiN coatings chemically 
vapour deposited on TiC-coated cemented carbide substrata, in which 
they observed that the X-ray diffraction intensity of the {220} planes 
increased with increase in total flow rate up to 0. 7 l min-1 and then 
decreased slightly above 0.7 1 min-1• The lack of any trend in {220} 
preferred orientation in the present work with increase in total flow 
rate may be due to the other deposition oondi tions anployed being 
different to those employed by Kim and Chun. Second, it is also clear 
fran Figure 3. 30 that the TiN coating deposited at the total flow rate 
of 4500 l hr-1 in the present work additionally exhibits strong 
preferred orientation of the {200} planes, f= reasons which are not 
162 
clear, setting it apart fran the ccatings deposited at the other three 
total flow rates. It is, however, important to note that this 
aberration is not reflected in any of the other coating 
characteristics detenni.ned for the TiN ooatings deposited at the total 
flow rate of 4500 1 hr -l. 
Fran Figure 3.33, which shows the effect of total flow rate on the 
lattice parameter of the chemically vapour deposited TiN ooatings, it 
can be seen that, initially, with decrease in total flow rate fran 
5500 to 4500 1 hr-l there is no significant change in lattice 
parameter. Reduction in total flow rate to 3500 1 hr-1, however, can 
be seen to have caused an in=ease in the lattice parameter, whilst 
further reduction in total flow rate to 2500 1 hr-1 has resulted in a 
decrease in the lattice parameter. With reference to Figure 2.1, which 
shows the effect of N2 content on the lattice parameter of TiN, it is 
clear that this decrease in lattice parameter with decrease in total 
flow rate 'from 3500 to 2500 1 hr-1 is associated with the 
aforementioned change in TiN ooating bulk ccmposition fran TiNo. 76 at 
a total flow rate of 3500 1 hr-1 to TiN0 . 72 at a total flow rate of 
2500 1 hr-1 (see Section 6.2.3.2). However, it is equally clear with 
reference to Figure 2.1, that this change in TiN ooating canposition 
should have caused a much greater decrease in TiN ooating lattice 
parameter than that evident in Figure 3.33. This clearly implies that 
the underlying trend of lattice parameter with decrease in total flow 
rate fran 3500 to 2500 1 hr-1 is actually upwards and further that, in 
the absence of the change in ooating stoichianetry, the significant 
in=ease in TiN ooating lattice parameters evident in Figure 3. 33 with 
decrease in total flow rate fran 4500 to 3500 1 hr - 1, oould have 
simply continued with decrease in total flow rate fran 3500 to 2500 1 
hr-1 . This underlying trend of a significant increase in lattice 
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parameter with decrease in total flow rate below 4500 1 hr- 1 is 
attributed to a concani tant change in the level of internal strain in 
the TiN coating. There are two possibilities: the strain in the 
coating is tensile and increases with decrease in total flow rate 
below 4500 1 hr-1 or the strain in the coating is canpressive and 
decreases with decrease in total flow rate below 4500 1 hr -l. In both 
cases it is suggested that the level of strain in the TiN coating does 
not change significantly with decrease in total flow rate fran 5500 to 
4500 1 hr-1 • It is not clear at this stage which of these two 
possibilities is applicable. This will, however, be clarified in the 
next section. 
6.2.3.6 Effect of total flow rate on T.iN coating microhardness 
It is evident fran Figure 3.54, which shows the effect of total flow 
rate on the microhardness of the chemically vapour deposited TiN 
coatings, that the TiN coating micmhardness initially increases with 
increase in total flow rate up to 4500 1 hr-l and then remains 
sensibly constant with further increase in total flow rate up to 5500 
1 hr-1 • This effect of total flow rate on TiN coating microhardness is 
clearly not related to concomitant changes in either TiN coating 
stoichianetry, thickness or grain size, since the trends of these 
coating characteristics with increasing total flow rate are not 
canpatible with that of microhardness. 'Ib identify the cause of the 
change in microhardness of the TiN coatings with total flow rate, it 
is instructive to describe this change in tenns of decreasing rather 
than increasing total flow rate. It is evident fran Figure 3.54 that, 
initially, with decrease in total flow rate fran 5500 to 4500 1 hr-l 
there is no significant change in TiN coating microhardness. Further 
decrease in total flow rate, however, can be seen to cause a 
significant decrease in TiN coating microhardness. 
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With regard to the effect of decreasing total flow rate on the lattice 
parameter of the TiN coatings; as described in the previous section, 
initially, with decrease in total flow rate fron 5500 to 4500 1 hr-1 
there is ro significant change in lattice parameter, but with further 
decrease in total flow rate below 4500 1 hr-1 the underlying trend is 
of a significant increase in lattice parameter. There appears to be an 
inverse correlation between this trend in lattice parameter with 
decreasing total flow rate, and that observed for TiN coating 
microhardness. The trend in TiN coating lattice parameter with 
decreasing total flow rate has been attributed in the previous section 
to a conconi tant change in the level of internal strain in the TiN 
coatings. It has been suggested that, with decrease in total flow rate 
fron 5500 to 4500 1 hr-l the level of strain in the TiN coating Ck:Jes 
rot change significantly, but that with decrease in total flow rate 
below 4500 1 hr-1, there are two possibilities: the strain in the 
coating is tensile and increases with decreasing total flow rate or 
the strain in the coating is canpressive and decreases with decreasing 
t-otal flow rate. Clearly only the seccnd of these two possibilities is 
also canpatible with the observed effect on TiN coating microhardness 
of decrease in t-otal flow rate belcw 4500 1 hr -l. 
It is thus ooncluded that the effect of decreasing total flow rate on 
TiN coating mi=hardness is due to its conconi tant effect on the 
level of internal strain in the TiN coatings: i.e. the strain in the 
coatings is compressive and does not change significantly with 
decrease in total flow rate frcm 5500 to 4500 1 hr -l, but decreases 
with decrease in t-otal flow rate below 4500 1 hr-1• It is further 
ooncluded that this effect of decreasing t-otal flow rate en the level 
of internal strain in the TiN ooatings is also responsible for the 
underlying effect of decreasing total flow rate on TiN ooating lattice 
parameter. 
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6.2.3. 7 Effect of total flCM rate an TiN coating/substrata interface 
Based on the observed effects of total flow rate on TiN coating 
canposition and grain sttucture respectively, it has been suggested 
earlier in Sections 6.2.3.2 and 6.2.3.3 that the predcminance of the 
gas reaction on the deposition process and the co=esponding 
inhibition but not canplete elimination of the substrata reaction 
previously identified for an N2/TiC14 nole ratio of 20 and total flow 
rate of 5500 1 hr-l is essentially unaffected by decrease in total 
flow rate over the range studied in the present \\lOik. This being the 
case, then in view of the link suggested in Section 6.2.1. 7 between 
N2/TiC14 mole ratio, the gas and substrata reactions during TiN 
deposition and the presence of pearlite in the substrata of the as-
coated inserts adjacent to the coating/substrata interface it might 
have been thought that, in respect of this pearlite, the as-coated 
rnicrosttuctures of the inserts coated with TiN at the total flow rates 
of 2500, 3500 and 4500 1 hr -l would have been the same as that of the 
inserts coated at 5500 1 hr-l, since a "constant" Nz/TiC14 nole ratio 
of 20 (and a constant deposition temperature of 1050°C) was employed. 
It is quite clear fran the polished and etched cross-sections through 
the rake face of the inserts coated at the four total flow rates 
studied, shown in Figure 3.39, that this has nost definitely =t been 
found to be the case. Rather, it can be seen that decrease in total 
flow rate caused a significant increase in the anount of pearlite 
adjacent to the coating/substrata interface. This is explained below. 
Clearly, since the study of the effect of total flow rate on the TiN 
coatings was carried out at a constant deposition temperature of 
1050°C, the inherent rate of PM BT42 grade HSS substrata carbon 
diffusion would have remained constant. Fqually clearly, however, with 
decreasing total flow rate the rate of supply of the gaseous reactant 
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gases (TiC14 and Nz) would have decreased. Since, as previously 
explained, the substrate reaction leading to the fcmnation of Ti(C,N) 
is due to carbon diffusing from the PM BT42 grade HSS substrate 
reacting with TiC14 , then it follows frcm the above that decreasing 
total flow rate will cause a progressive build-up of carbon in the 
austenitic HSS substrate adjacent to the coating/substrate interface 
during coating, leading to transfcmnation to pearlite on cooling of . 
the inserts to rcx:m temperature and hence to the observed significant 
increase in the amount of pearlite adjacent to the coating/substrata 
interface with decreasing total flow rate shown in Figure 3.39. 
Finally, it is evident from Table 3.12 (runs 4, 8, 9 and 10) that the 
average coating thickness values determined frcm optiCal measurements 
on the ~ polished and etched =ss-sections produced through inserts 
coated at each of the four different total flow rates compare 
favourably with the coating thickness values obtained using the ball-
=atering technique. 
6.3 Effect of Coating Grain Size, Microhardness and 'Ihickness on 
the Clltting Perfonnance of CVD TiN Coated PM BT42 Grade HSS 
Inserts 
This section is concerned with discussion of the results of the 
cutting tests carried out to detennine the effect of TiN coating grain 
size, mi=hardness and thickness on the cutting performance of CVD 
TiN coated PM BT42 grade HSS inserts. It should be noted that, in 
order to provide the rrost logical explanation of the results obtained, 
they will not be discussed in the sequence in which the experimental 
work was originally carried out (see Chapter 5). 
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6.3.1 Effect of TiN coating thickness 
The effect of coating thickness on the tcol life of the TiN coated PM 
BT42 grade HSS inserts at the two cutting speeds of 50 and 57. 5 m 
min-l employed (see Section 5.3.3), shown in Figures 5.23 and 5.24 
respectively, will be considered first. At the lower cutting speed of 
50 m min-1 , it is evident from Figure 5.23 that although the t=l life 
of the TiN coated inserts of coating thickness "' 2 )Jm is almost double 
that of the zero coating thickness (i.e. uncoated) inserts, increase 
in TiN coating thickness above <u2 )Jm initially results in the t=l 
life of the coated inserts actually decreasing slightly, to a local 
minimum at a coating thickness of between 3 and 4 )Jm. Further increase 
in coating thickness, however, can be seen to cause a rapid increase 
in the t=l life of the coated inserts, to a maximum at a coating 
thickness of between 6 and 7 )J m followed by a sharp decrease. A 
corresponding variation of t=l life with TiN coating thickness is 
evident in Figure 5. 24 for the higher cutting speed of 57. 5 m min -l, 
althcugh there is clearly rather rrore scatter of results. The reason 
for this observed effect of TiN coating thickness on t=l life will be 
considered at the end of this section. Before continuing, however, it 
is interesting to note that in his investigation of the effect of 
coating thickness on the cutting performance of CVD TiN coated PM BT42 
grade HSS inserts (see Section 4.3), Whittle(l6) did not detect a 
decrease in t=l life with increase in TiN coating thickness above 
approximately 6 to 7 )Jm, as observed in the present work. Rather, as 
is evident from Figure 4.2, he found a further increase in t=l life. 
It is also clear from this figure that the tool life phenomenon 
observed in the present work between TiN coating thicknesses of "' 2 and 
4 )Jm oc=ed in Whittle's work t=, over a slightly wider coating 
thickness range, but that he inco=ectly interpreted it to be merely 
scatter of results. 
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As previously described in Section 5.3.3, the wear measurements fran 
the tool wear tests carried out in the present work with the TiN 
coated PM HSS inserts of different coating thickness, at the cutting 
speeds of 50 and 57. 5 m min -l, are presented in Figures 5. 25 to 5. 32 
and Figures 5.33 to 5.40 reapectively. These figures shcM the increase 
in average flank wear land length, max:imum end clearance face wear 
land length, max:imum crater depth and maximum crater width of the 
inserts with cut distance. Several significant features are evident. 
First, it can be seen that, with only two exceptions (TiN coating 
thickness 1.85 )Jm, cutting speed 50 m min-1, crater depth and crater 
width wear curves - onset of wear significantly delayed following the 
carrnencement of cutting, see Figure 5.26), following the ccmnencement 
of cutting all the wear curves are of essentially the same fOl:m, 
consisting of an initial period of breaking-in wear succeeded by 
steady-state wear extending to or relatively close to catastrophic 
failure. Another important feature is that, with the exception 
referred to above, max:imum crater depth exceeds the thickness of the 
TiN coating on the inserts very shortly after the ccmnencement of 
cutting, with increasing TiN coating thickness apparently having 
little effect on this. Further, at both the lower cutting speed of 50 
m min-l (Figures 5.25 to 5.32) and particularly at the higher cutting 
speed of 57. 5 m min -l (Figures 5.33 to 5.40), there appears to be no 
sustained change with increasing TiN coating thickness in the period 
of breaking-in wear before steady-state crater depth and crater width 
wear are established. Finally, attention is redrawn to the fact that, 
as described earlier in Section 5.3.3, in the case of the zero coating 
thickness (i.e. uncoated) inserts only, it was observed that with 
increasing cut distance a p:>int was eventually reached when the worn 
crater extended to the end cutting edge and subsequently broke out on 
to the end clearance face, this point occurring at approximately 50% 
of the tool life of these inserts. 
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In general, the form of the tool wear cm:ves obtained in the present 
work is comparable with that of the wear curves determined by 
Whittle(l6) in his investigation of the effect of coating thickness on 
the cutting performance of C\ID TiN coated FM BT42 grade HSS inserts 
(see Section 4.3) . However, whilst in the present work there appears 
to be no sustained change with increasing TiN coating thickness in the 
period of breaking-in wear before steady-state crater depth and crater 
width wear are established, Whittle observed an increase in this 
period of breaking-in wear. Further, the apparent lack of arq effect 
of increasing TiN coating thickness on the time to coating 
breakthrough on the rake face of the coated FM HSS inserts observed in 
the present work contrasts starkly with the results of previous work 
on the effect of coating thickness on the crater wear of coated 
cemented carbide tools (see Section 4.3), in which the time to rake 
face coating breakthrough was found to increase with increasing 
coating thickness(l03,l09,llO), as exemplified by the curves shown in 
Figure 4.6. This difference in the effect of increasing coating 
thickness on the crater wear of coated HSS and cemented carbide tools 
appears to be fundamental in nature and merits further investigation. 
In the present work, as previously described in Section 5.3.3, linear 
regression analysis was used to calCUlate the steady-state wear rate 
and corresponding correlation coefficient for each of the 64 wear 
cm:ves shown in Figures 5.25 to 5.40, these values being tabulated in 
Table 5.13. With reference to this table, it can be seen that a.lm:lst 
a third of the wear curves have a correlation coefficient equal to or 
greater than 0.99 for their steady-state wear rate, whilst CNer two-
thirds have a correlation coefficient equal to or greater than 0.97. 
Frcm Figures 5.41 and 5.42, which show the steacty-state wear rates 
obtained at the lower cutting speed of 50 m min -l plotted against TiN 
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coating thickness, a distinct difference can be seen between the 
effect of TiN coating thickness on crater wear and on flank and end 
clearance face wear. The rates of both steady-state crater depth and 
crater width wear can be seen to decrease with increasing coating 
thickness, to minimum values at a thickness of between 6 and 7 11m and 
then to increase. In contrast, the rates of both steady-state flank 
and end clearance face wear exhibit an initial abrupt decrease and 
then, with further increase in TiN coating thickness, the rate of 
steady-state flank wear remains sensibly constant, whilst that of end 
clearance face wear continues to decrease but at a very much slower, 
approximately linear rate. Fl:on Figures 5.43 and 5.44, which shOw the 
steady-state wear rates obtained at the higher cutting speed of 57. 5 m 
min -l plotted against TiN coating thickness, corresponding variations 
of steady-state wear rates with TiN coating thickness are evident, 
although, as with tcol life, there is clearly nore scatter of results. 
The reasons for these observed effects of TiN coating thickness on 
tcol wear will be discussed later in this section. 
As can be seen fran Figure 4.3, in his investigation of the effect of 
coating thickness on the cutting perfonnance of CI1D TiN coated FM BT42 
grade HSS inserts, Whittle(l6) found a similar effect of increasing 
TiN coating thickness on steady-state flank wear rate as that observed 
in the present wcrk. Further, as is evident fran Figure 4. 5, a 
similar effect of increasing coating thickness on flank wear has also 
previously been observed in the case of coated cemented carbide 
tcols(l03,l09) (see Section 4.3). No reference could be found in the 
literature to previous investigations of the effect of coating 
thickness on the end clearance face wear of either coated HSS or 
coated cemented carbide tcols. With regard to crater wear; the 
effect of increasing coating thickness on the steady-state crater 
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depth and crater width wear rates of TiN coated PM HSS tools 
determined by Whittle< 16 l (see Figures 4.3 and 4.4) and the effect of 
coating thickness on the =ater depth wear rate of coated cemented 
carbide tools after rake face coating breakthrough determined by Hale 
and Graham(l03,109) (see Figure 4.7), corroborate the effect observed 
in the present =rk with increase in TiN coating thickness up to o.. 6 
vm. Neither Whittle nor Hale and Graham, however, detected the 
subsequent i.n=ease in =ater wear rates observed in the present =:rk 
with further increase in TiN coating thickness. 
Fran Figures 5.45 and 5.46, which show the effect of TiN coating 
thickness on max:imum bue height determined frcm the interrupted tool 
wear tests carried out in the present =rk at the cutting speeds of 50 
and 57.5 m min-1 respectively, it can be seen that whilst, at both 
cutting speeds, there is an initial sizeable reduction in bue height 
with increase in TiN coating thickness £rem zero, further increase in 
TiN coating thickness beyond "'2 vm has no significant effect on the 
size of the bue formed on the coated FM HSS inserts during cutting. 
The metallcgraphic sections through the == TiN coated FM HSS inserts 
of coating thickness "' 4 v m (see Section 5. 3. 3) will now be 
considered. It should be noted that the reason a TiN coating 
thickness of 4 v m was selected for these sections was s.iJnply that it 
represents the mid-point of the TiN coating thickness range 
investigated in the present =rk. First, frcm Figure 5.47 which shows 
the section through the =m flank surface of the TiN coated insert, 
it can be seen that flank wear has been basically confined to the 
formation of a flat on the intact TiN coating. Because of the 
rounded major cutting edge, this flat is l=ated in the region where 
the cutting edge radius blends with the flank clearance face, and does 
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not extend to the insert rake face. As partially evident frcrn Figure 
5.47, the TiN coating on the remainder of the rounded major cutting 
edge above the location of this flat was found to be slightly and 
sm:JOthly worn, particularly adjacent to the flat, and was observed to 
continue unbroken on to the adjoining rake face and to be canpletely 
covered by the bue present. 
Frcrn the section through the wom end clearance surface of the TiN 
coated insert sh::lwn in Figure 5. 48, it is evident that the 4 JJ m thick 
TiN coating has been == through in the region where the end cutting 
edge radius blends with the end clearance face, leading to exposure 
and wear of the underlying PM HSS substrate. Clearly, following 
coating breakthrough, the exposed HSS substrate has been worn more 
rapidly than the adjacent TiN coating. On the remainder of the 
rounded end cutting edge above this == region, the TiN coating was 
obseiVed to be intact and unwom, extending on to the adjoining rake 
face. 
Breakthrough of the TiN coating on the rake face of the coated PM HSS 
inserts, previously inferred from the maximum crater depth (and 
maximum crater width) measurements made during the interrupted tocl 
wear tests with the TiN coated inserts of different coating thickness, 
was confirmed frcrn the metallographic sections through the wom rake 
surface of the TiN coated inserts of coating thickness 4 JJm. Frcrn the 
section through the wom rake surface of the coated insert nonnal to 
its major cutting edge (Section A-A, Figure 5.4), it was further 
established that although the TiN coating was still present on the 
rake face directly adjacent to this cutting edge, it did not extend to 
the front end of the wom crater but rather tenninated abruptly at 
sane distance frcrn it, as shown in Figure 5.49(a). As can be seen in 
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this figure, the surface of the TiN coating is sm::JOthly ~m and 
covered by the trailing part of the bue present. In contrast, at the 
rear end of the ~m crater, rem::>te fran the major cutting edge, the 
TiN coating remaining can be seen fran Figure 5.49(b) to be obliquely 
~m approximately in-line with the ~m crater surface. Optical 
examination of the section through the the = rake surface of the 
coated insert normal to its end cutting edge (Section B-B, Figure 
5.4), revealed that not only was the TiN coating still present on the 
rake face directly adjacent to this cutting edge, it extended fran the 
end cutting edge right up to the near side of the = crater. At the 
side of the crater the coating was obliquely ~m approximately in-
line with the ~m crater surface, as illustrated in Figure 5.50(a). 
It is evident fran Figure 5.50(b) that the TiN coating remaining at 
the other side of the ~m crater, rem::>te fran the end cutting edge, 
is s.imilarly ~m. 
It should be noted that the features obsel:ved on the rnetallographic 
sections through the ~m flank surface and through the = rake 
surface of the TiN coated insert normal to its major cutting edge in 
the present WOJ:k, are canpletely consistent with those detennined by 
Whittle(lG) in his ~rk on CVD TiN coated PM BT42 grade HSS inserts 
(see Section 4.1.1-4). Whittle did not, however, obtain sections 
through the worn end clearance surface and through the worn rake 
surface normal to the end cutting edge in his ~. 
With reference to the features obseJ:Ved on the rnetallographic sections 
through the ~m TiN coated inserts in the present ~rk, described 
above, the effect of increasing TiN coating thickness on tcol wear 
determined in the present ~:r:k will = be discussed in sane detail. 
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As is evident fran Figures 5.42 and 5.44 respectively, at both the 
cutting speeds of 50 and 57.5 m min-1 the TiN coated insert of coating 
thickness 4 11m exhibits a markedly lower end clearance face wear rate 
than the zero coating thickness (i.e. uncoated) insert, despite its 
TiN coating having been worn through on the end clearance face, as 
shown :in Figure 5. 48. This is attributed to the continued presence of 
the TiN coat:ing, altmugh worn, :in the regions adjoining the section 
of exposed HSS substrate (see Figure 5. 48), restricting the growth 
rate of the end clearance face wear land. Consequently, it is 
suggested that the slow, approximately l:inear decrease in the end 
clearance face wear rate of the coated inserts with i=ase :in TiN 
coating thickness fran -c2 to 8 pm (Figures 5.42 and 5.44) cen be 
rationalised :in terms of a conccxni tant increase :in the proper tion of 
the end clearance face wear land length occupied by worn TiN coating 
as opposed to exposed HSS substrata. The rapid increase in end 
clearance face wear rate evident in Figures 5.42 and 5.44 with 
decrease :in coating thickness below "' 2 pm is simply attributed to the 
proportion of end clearance face wear land length occupied by worn TiN 
coating being insufficient to restrict the growth rate of the end 
clearance face wear land. Given the above suggestion and the nature of 
the worn flank surface of the TiN coated insert of coating thickness 4 
11m described earlier and shown :in Figure 5.47, the constancy of flank 
wear rate exhibited by the TiN coated inserts with increase :in coating 
thickness fran 3 to 8 pm (Figures 5.41 and 5.43) is simply attributed 
to flank wear of the coated inserts over this coat:ing thickness range 
being conf:ined to the formation of a flat on the :intact TiN coatings. 
The rapid increase :in flank wear rate evident :in Figures 5.41 and 5.43 
with decrease in coating thickness below "'2 pm is suggested to be due 
to breakthrough of the TiN coating on the flank face of the inserts. A 
similar suggestion has been made by Whittle ( 16 ) and Hale and 
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Graham(103 ,109) to explain the co=esponding rapid in=eases in flank 
wear which they observed in their work on the effect of coating 
thickness on the cutting performance of TiN coated HVI HSS inserts and 
coated cemented carbide inserts respectively (see Section 4. 3) • 
In the present worl:, as is evident fran Figures 5.41 and 5.42 and 
Figures 5.43 and 5.44 respectively, at both the cutting speeds of 50 
and 57.5 m min-1 the TiN coated insert of coating thickness 4 llm 
exhibits significantly lower crater depth and crater width wear rates 
than the zero coating thickness (i.e. uncoated) insert, despite its 
TiN coating havin; been worn tl=.lgh on the rake face (see Figures 
5.49 and 5.50) very shortly after the ccmnencement of cutting. This 
is rot too sw:prising, as a similar effect has previously been ooted 
for both TiN coated PM HSS inserts< 14-l6,86,B7 ) (see Section 4.1.1) 
and coated cemented carbide inserts (see Section 4.2.2.2). 
Despite this coating breakthrough on the rake face of the TiN coated 
HVI HSS inserts in the present wo:rk very shortly after the ccmnencement 
of cutting (with the exception previously identified, in=ease in TiN 
coating thickness up to approximately 6 ]lm, as desoribed earlier, 
nevertheless resulted in a continuous decrease in both orater depth 
and crater width wear rates (Figures 5. 41 to 5. 44) . From the 
metallographic sections through the worn rake surface of the TiN 
coated inserts of coating thickness 4 )lm, as desoribed earlier, it has 
been established that the TiN coating still present on the rake face 
directly adjacent to the major cutting edge terminates abruptly sane 
distance from the front end of the worn crater (Figure 5.49(a)), 
indicative of the detachment of discrete pieces of coating fran this 
region of the rake face, whilst in contrast, at the rear end (Figure 
5.49(b)) and at both sides (Figure 5.50) of the worn crater, the TiN 
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coating remaining is obliquely worn approximately in-line with the 
wom crater surface. It is therefore concluded that the continued 
presence of the TiN coating at the rear end and at both sides of the 
wom crater during cutting is primarily responsible f= the reduced 
crater wear of the TiN coated PM HSS inserts despite rake face coating 
breakthrough. 'Ih.is is consistent with, but an extension of, previous 
explanations of the reduced crater wear of both TiN coated PM HSS 
inserts(14-16,86,87) (see Section 4.1.1) and coated cemented carbide 
inserts(103-105) (see Section 4.2.2.2) despite rake face coating 
breakthrough. It is further concluded that the continuous decrease in 
crater wear rates of the TiN coated PM HSS inserts in the present w:n:k 
with increase in coating thickness up to approximately 6 ~m. is 
primarily caused by an attendant increase in the oblique width of wom 
TiN coating at the rear end and at both sides of the == crater. 
Again, this is consistent with, but an extension of, previous 
explanations of the effect of increasing coating thickness on the 
crater wear of both TiN coated FM HSS inserts< 16 l and coated cemented 
carbide inserts(l03 ,l09) (see section 4.3). The subsequent, 
progressive increase in crater wear rates exhibited by the TiN coated 
PM HSS inserts of coating thickness 7 and 8 ~ in the present work 
(Figures 5.41 to 5.44) is attributed to increased detachment of 
discrete pieces of these thicker coatings fran the rake face of the 
inserts, not only in the region adjacent to the maj= cutting edge, as 
previously observed with the 4 ~m thick TiN coating (Figure 5.49(a)), 
but also, it is suggested, and perhaps more significantly, at the side 
of the wom crater near to the end cutting edge. It is felt that this 
latter suggestion merits further investigation, particularly in light 
of the eventual breakout of the wom crater on the end clearance face 
of the zero coating thickness (i.e. uncoated) inserts observed in the 
present work, referred to earlier. 
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The fact that, as described earlier, increase in TiN coating thiclmess 
beyond "'2 ~m was found to have no significant effect on the size of 
bue fanned on the coated PM HSS inserts during cutting in the present 
work is primarily attributed to the continued presence of the TiN 
coating on the flank face and the rounded maj= cutting edge and 
directly adjacent rake face of the inserts during cutting, established 
fran the metallographic sections. The initial sizeable reduction in 
bue size with increase in TiN coating thiclmess fran zero observed in 
the present work (Figures 5.45 and 5.46) is compatible with the 
results of earlier worn: on TiN coated PM HSS inserts in which such a 
decrease in bue size has been quantitatively established to be due to 
the TiN coating effecting a decrease in bue stability(l6) (see Section 
4.1.1-4) and suggested to be the result of lower interfacial band 
strength and possibly reduced thermal conductivity of the tool after 
coating(85) (see Section 4.1.1-3). 
Thus far the effect of TiN coating thiclmess on the tool wear of the 
coated PM HSS inserts observed in the present work has been discussed 
in tenns of the role of the TiN ooating during cutting, as determined 
fran the metallographic sections through the wom coated inserts of 
ooating thickness 4 ~m. No mention has been made of wear mechanisms or 
of the relevant properties of the TiN coating responsible for 
resisting these. In fact, it is not intended to make any detailed 
reference to these properties in the present section since, for 
reasons which will becane clear later, they are better dealt with in 
the follCMing section. However, it is convenient at this point to note 
that in previous worn: on the cutting performance of CVD coated cutting 
tools (see Chapter 4) the follCMing properties of TiN (and other) 
coatings have been suggested to be of importance: high chemical 
stability< 16•103•109 >, high hardness< 16•93 >, resistance to oxidation 
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and galling(l4 , 15 l, superior frictional characteristics< 16 l, low 
thennal conductivity<85 ) and high wear resistance< 90 l. 
Finally returning to the effect of TJN coating thickness on the tool 
life of the coated FM HSS insarts detennined in the present wcrk; 
ccmparing the observed effect of increasing coating thickness on the 
tool life (Figures 5.23 and 5.24) and tool wear (Figures 5.41 to 5.44) 
of the coated inserts, it is clear that there is much greater 
correlation between tool life and crater wear than flank or end 
clearance face wear. This is consistent with results obtained by 
Lee(89 ) (see Section 4.1.1-6) which showed that the selective rerroval 
of the TiN coating frcm the rake face of coated FM HSS insarts led to 
a dramatic reduction in tcol life allrost down to levels characteristic 
of uncoated inserts. It is also consistent with the suggestion made by 
Whittle(l6) (see Section 4.1.1-4) that the increase in tool life 
brought about by the application of a TJN coating to FM HSS insarts 
primarily originates from the reduced crater wear of the coated 
insarts, through its effect on chip/tcol contact length and hence tool 
forces and temperatures. However, whilst over the TiN coating 
thickness range 4 to 8 ~m in the present wcrk, there appears to be a 
reasonable inverse correspcndence between tcol life and the rates of 
crater depth and crater width wear of the coated insarts, this is 
certainly not the case at lower coating thicknesses. It is therefore 
concluded that though the effect of increasing TiN coating thickness 
on tool life is primarily related to a concurrent effect on the rake 
face of the coated inserts, the nature of the latter cannot be 
ccmpletely represented in terms of crater depth and crater width wear 
rates. It is further concluded that the suggestion made by Whittle 
regarding the origin of the increase in tcol life brought about by the 
application of a TiN coating to PM HSS inserts is an over-
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simplification. The higher than expected t=l lives exhibited by the 
TiN coated FM HSS inserts of coating thickness 3 \lm and, especially, 2 
\lm in the present work (see Figures 5.23 and 5.24), are attributed to 
the layer of Ti(C,N) in these coatings adjacent to the 
coating/substrata interface occupying a substantial proportion of 
total coating thickness, particularly in the case of the latter 
inserts. It is readily conceded that the exact manner in which this 
layer of Ti(C,N) brought about the higher than expected t=l lives is 
not known. However, for reasons which will be made clear in the 
following section, it is known that this was mt due either to the 
higher microhardness of the Ti(C,N) layer or to its finer grain 
structure. 
Clearly, further work is necessary to fully explain the observed 
effect of TiN coating thickness on the t=l life of the coated FM HSS 
inserts. Although no evidence can be supplied to substantiate this, 
it is the opinion of the author that the continued presence during 
cutting of the TiN coating on the rake face directly adjacent to the 
end cutting edge, and its extension fran the end cutting edge right up 
to the near side of the worn crater, are of importance in this 
respect. 
6.3.2 Effect of TiN mating microhardness and grain size 
The effect of TiN coating microhardness on the cutting perfo:onance of 
the CIJD TiN coated FM BT42 grade HSS inserts will be considered first, 
beginning with the effect on t=l wear. 
As previously described in Section 5.3.2, the wear measurements fran 
the t=l wear tests carried out with the TiN coated FM HSS inserts of 
coating microhardness ~2000 kg mm- 2 and those of coating 
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microhardness -vl600 kg nm-2, at the cutting speeds of 50 and 57. 5 m 
rnin-1, are presented in Figures 5.14 to 5.17 and Figures 5.18 to 5.21 
respectively. These figures show the increase in average flank wear 
land length, maximum end clearance wear land length, maximum crater 
depth and maximum crater width of the inserts with cut distance. The 
tool wear curves in these figures can be seen, not too sw:prisingly, 
to be of the same form and to exhibit the same features as those 
obtained (with the '!:= exceptions previously identified) for the TiN 
coated IM HSS inserts of different coating thickness (Figures 5. 25 to 
5.40), discussed in the previous section. As with the latter inserts, 
maximum crater depth exceeds the thickness of the TiN coating very 
shortly after the commencement of cutting, with decrease in TiN 
coating microhardness fran -v2000 to -vl600 kg mn-2 apparently having no 
significant effect on this, nor on the period of breaking-in wear 
before steady-state crater depth and crater width wear are 
established. 
As previously described in Section 5.3.2, linear regression analysis 
was used to calCUlate the steady-state wear rate and corresponding 
correlation coefficient for each of the 32 wear curves shown in 
Figures 5.14 to 5.21, these values being tabulated in Table 5.11. It 
can be seen fran this table that over 40% of the wear curves have a 
correlation coefficient greater than 0. 99 for their steady-state wear 
rate, whilst alirost 60% have a correlation coefficient greater than 
0.96. 
With regard to repeatability; in the case of the TiN coated IM HSS 
inserts of coating microharclness "'2000 kg mn-2 , it can be seen fran 
Table 5.11 that, at both of the cutting speeds employed, the steady-
state wear rates obtained fran the '!:= tool wear tests carried out 
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canpare reasonably well, with one exception. The exception is the end 
clearance face wear rates at the higher cutting speed of 57.5 m min-1, 
where the rate determined fran the second test is m::>re than double 
that detennined fran the first test. Interestingly, however, es is 
evident fran Figures 5.18 and 5.19, this does not appear to have had 
any significant effect on the distance cut in these two tests before 
catastrophic tool failure occurred. Similarly, in the case of the TiN 
coated PM HSS inserts of coating microhardness "'1600 kg mn-2, it can 
be seen fron Table 5.11 that again, at ooth of the cutting speeds 
employed, the steady-state wear rates obtained fran the two tool wear 
tests carried out canpare reasonably well, with one exception. In this 
case the exception is the =ater depth wear rates at the lower cutting 
speed of 50 m min -l, where the rate determined fran the second test is 
alm::>st half of that determined fran the first test. Surprisingly, as 
is evident fron Figures 5.16 and 5.17, this does not appear to have 
had any significant effect on the distance cut in these two tests 
before catastrophic tcol failure oc=ed. 
Cbmparing the steady-state wear rates in Table 5.11 determined for the 
TiN coated inserts of coating microhardness "' 2000 kg rnn-2 with those 
determined f= the TiN coated inserts of coating microhardness "'1600 
kg rnn-2 , and taking into account the two exceptions referred to above, 
it is evident that decrease in TiN coating microhardness fron "'2000 kg 
rnn-2 to "'1600 kg rnn-2 has not had any sustained, significant effect on 
either the steady-state flank, end clearance, maximum =ater depth or 
maximum =ater width wear rate of the TiN coated PM HSS inserts. It 
is further evident from Table 5.10, which shows the tool lives 
determined for the TiN coated PM HSS inserts of coating microhardness 
2000 kg rnn-2 and those of coating microhardness "'1600 kg rnn-2, at the 
two cutting speeds of 50 and 57.5 m min-l employed, that decrease in 
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TiN microhardness fron-v2000 kg mn-2 to -vl600 kg mn-2 has not had arry 
significant effect on the tool life of the TiN coated FM HSS inserts 
either, this being consistent with the lack of any sustained, 
significant effect on tool wear. 
Frcm Figure 5.22, which shows the size of bue formed on the TiN coated 
PM HSS inserts of coating microhardness "'2000 kg mn-2 and toose of 
coating microhardnes.s -v1600 kg mn-2 at the cutting speeds of 50 and 
57. 5 m min -l, it is evident that, at the lower cutting speed of 50 m 
min -l the bue on the latter inserts is larger than that on the fonner, 
whilst at the higher cutting speed of 57.5 m min-1 the situation is, 
in general, reversed. 
Overall, it nrust be concluded that under the cutting conditions used 
in the present work, the cutting performance of the CVD TiN coated PM 
BT42 grade HSS inserts has not been significantly affected by decrease 
in TiN coating microhardness fran -v2000 to -v1600 kg mn-2 • This will be 
discussed further after consideration of the effect of TiN coating 
grain size on cutting performance. 
The effect of TiN coating grain size on the tool life of the CVD TiN 
coated PM BT42 grade HSS inserts will be considered first. It is 
evident fron Table 5.8, which shows the tool lives determined for the 
large and small grain size TiN coating inserts at the two cutting 
speeds of 47.5 and 55 m min-l employed (see Section 5.3.1), that, at 
b:Jth cutting speeds, the tool life of the large grain size TiN coating 
. inserts is approximately 1.6 times higher than that of the small grain 
size TiN coating inserts. 
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As previously described in Section 5.3.1, the wear measurements fran 
the tool wear tests carried out with the large and small grain size 
TiN coating inserts at the cutting speeds of 47.5 and 55 m min-1, are 
presented in Figures 5.5 to 5.8 and Figures 5.9 to 5.12 respectively. 
These figures s.hcM the increase in average flank wear land length, 
max:irnum end clearance face wear land length, max:irnum =ater depth and 
max:irnum =ater width of the inserts with cut distance. 'Ihe tool wear 
cuzves in these figures can be seen, not too surprisingly, to be of 
the same foz:m and to exhibit the same features as tl'x)se obtained (with 
the two exceptions previously identified) for the TiN coated PM HSS 
inserts of different coating thickness (Figures 5. 25 to 5. 40) and 
these obtained for the TiN coated PM HSS inserts of different coating 
microhardness (Figures 5.14 to 5.21), discussed in the previous 
section and the beginning of this section respectively. As with these 
inserts, max:irnum =ater depth exceeds the thickness of the TiN coating 
very shortly after the cannencement of cutting, with chanJe in TiN 
coating grain size apparently having no significant effect on this, 
nor on the period of breaking-in wear before steady-state crater depth 
and =ater width wear are established. 
As previously des=ibed in Section 5.3.1, linear regression analysis 
was used to calculate the steady-state wear rate and correspcnding 
correlation coefficient for each of the 32 wear curves shown in 
Figures 5.5 to 5.12, these values being tabulated in Table 5.9. It can 
be seen fran this table that almost 40% of the wear cuzves have a 
correlation coefficient equal to or greater than 0.99 for their 
steady-state wear rate, whilst 75% have a =elation coefficient 
greater than 0.96. 
184 
With regard to repeatability; in the case of the large grain size TiN 
coating inserts, it can be seen from Table 5.9 that, at both of the 
cutting speeds employed, the steady-state wear rates obtained from the 
tMJ tool wear tests carried out canpare reasonably well, with tMJ 
exceptions. The first exception is the flank wear rates at the lower 
cutting speed of 47.5 m . -1 rrun , where the rate detennined from the 
second test is rrore than double that detennined from the first test. 
Interestingly, however, as is evident from Figures 5.5 and 5.6, this 
does not appear to have had arq significant effect on the distance cut 
in these tMJ tests before catastrophic tool failure occurred. The 
second exception is the end clearance face wear rates at the higher 
cutting speed of 55 m min-1, where the rate dete:onined from the second 
test is less than half that determined from the first test. 
Furthenrore, as is evident from Figures 5.9 and 5.10, the distance cut 
in the second test before catastrophic tool failure occurred is 30% 
higher than in the first test. In the case of the small grain size TiN 
coating inserts, it can be seen from Table 5.9 that, at both of the 
cutting speeds employed, the steady-state wear rates obtained from the 
two tool wear tests carried out compare reasonably well, with no 
exceptions. 
Ccmparing the steady-state wear rates in Table 5.9 determined for the 
large grain size TiN coating inserts with those detennined for the 
small grain size TiN coating inserts, and taking into account the tMJ 
exceptions referred to above, it is evident that decrease in TiN 
coating grain size has resulted in a significant increase in the rates 
of both steady-state flank and end clearance wear of the TiN coated PM 
HSS inserts at both the cutting speeds of 47.5 and 55 m min-1 , 
together with a mre m:x:lest increase in the rates of both steady-state 
crater depth and crater width wear at the lower cutting speed of 47. 5 
185 
m min-l only. Canparison of this effect of TiN coating grain size an 
the wear of the TiN coated inserts with the previously described 
effect on tool life (Table 5.8), serves to graphically illustrate the 
canplexi.ty of the relationship between tool wear and tool life of the 
TiN coated PM BT42 grade HSS inserts. The necessity f= further =rk 
in this area is clear. 
Frcm Figure 5.13, which shows the size of bue formed an the large and 
small grain size TiN coating inserts at the cutting speeds of 47.5 and 
55 m min-1, U can be seen that, at both cutting speeds, these oo not 
differ significantly. 
Overall, it must be ooncluded that, under the cutting oanditions used 
in the present work, the cutting performance of the large grain size 
TiN ooating inserts is superior to that of the small grain size TiN 
ooating inserts. 
The findings fran previous studies of the effect of TiN coating grain 
size on the cutting performance of CVD TiN coated tools are not 
canpletely consistent. As described in Section 4.3, in their work 
Dreyer and Kolaska (57 ) investigated the effect of ooating grain size 
an the flank and crater wear of TiN ooated cemented carbide tools used 
to machine C60 (0.57-0.65% C) steel at a cutting speed of 200 m min-1 
for a period of 10 minutes. TiN ooating thickness was not a variable; 
each coated tool had a ooating thickness of 8 )Jm. They found that a 
TiN ooated tool with a fine-grained coating exhibited only 'V61% and 
64% of the flank and crater wear respectively of a TiN coated tool 
with a coarse-grained coating. In his work (as also described in 
Section 4.3), Sj~strand< 20 l studied the effect of TiN coating grain 
structure and hardness, unfortunately not independently of each other, 
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an the flank and crater wear of TiN coated cemented carbide tools used 
to turn low alloy SIS1672 (0.43-0.50% C) and high alloy SIS2541 (0.32-
0.39% c, 1.2-1.6% er, 1.2-1.6% Ni, 0.15-0.25% M:J) steels at cutting 
speeds of 150, 175 and 200 m min-1 . One of the TiN coatings had a 
coarse, highly col= grain structure and a hardness of 1870 ± 100 
kg mm-2, whereas the other had a finer, randomly oriented grain 
structure and a hardness of 2380 :!: 100 kg nrn-2. TiN coating thickness 
was not a variable; each coating was 6 u m thick. When machining the 
low alloy steel, these differences in TiN coating grain structure and 
hardness were found to have no significant effect an the flank and 
crater wear of the TiN coated tools, whereas when machining the high 
alloy steel, the TiN coated tool whose coating was harder and finer 
grained exhibited superior wear resistance, particularly to crater 
wear at high cutting speeds. 
It appears from the above, in the case of TiN coated cemented 
carbides, that tools with a fine-grained TiN coating exhibit either 
superior or at least equivalent wear resistance to tools with a 
coarse-grained TiN coating. This is canpletely opposite to the effect 
of TiN coating grain size on the wear of the OlD TiN coated FM HSS 
inserts observed in the present work, where, as described earlier, it 
was found that, overall, decrease in TiN coating grain size :resulted 
in an increase in wear rates, particularly the rates of flank and end 
clearance face wear. This difference in the effect of coating grain 
size on the wear of TiN coated HSS and cemented carbide tools may be 
due to the higher cutting speeds employed in the case of the latter, 
or it may be !!'Ore fundamental in nature. 
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With regard to TiN coating hardness, it is interesting to rx:>te that 
when machining the low alloy steel, Sjostrand found that a ~20% 
decrease in coating hardness had rx:> significant effect on the flank 
and crater wear of the TiN coated cemented carbide tools. This is 
ccmparable with the effect of TiN coating microhardness on the wear of 
the TiN coated I'M HSS inserts obseJ:Ved in the present =rk, where a 
20% de=ease in coating hardness, as described earlier, was found to 
have rx:> sustained, significant effect on either flank, end clearance 
= crater wear. However, as previously described in Section 5.1.1, 
annealed 817M40 (0.39% C, 1.19% Cr, 1.39% Ni, 0.28% Mo) steel 
WOI:kpiece material was employed in the cutting tests in the present 
1>0rk, and when machining the allrost equivalent SIS2541 high alloy 
steel in his work, Sjostrand found that the TiN coated cemented 
carbide tool whose coating was harder exhibited superior wear 
resistance, particularly to crater wear at high cutting speeds. 
Again, this difference in the effect of coating hardness on the wear 
of TiN coated HSS and cemented carbide tools may be due to the higher 
cutting speeds employed in the case of the latter, = it may be rrore 
fundamental in nature. 
In oore general terms, in view of the virtual preoccupation of many 
workers with the hardness of CVD (and PVD) coatings on cemented 
carbide and HSS cutting tools, the lack of any significant effect of a 
20% decrease in TiN coating hardness on the wear of coated cemented 
carbide tools determined by Sjostrand in part of his work and, 
overall, the lack of any sustained, significant effect on the cutting 
perfonnance of the coated I'M HSS inserts obseJ:Ved in the present 
1>0rk, nrust be regarded as surprising. 
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Finally, a (tentative) explanation will nt:M be provided of the effects 
of TiN coating microhardness and grain size on the cutting performance 
of the coated PM HSS inserts observed in the present work. As 
des=ibed earlier in this section, the tool wear curves obtained for 
the TiN coated inserts of different coating microhardness (Figures 
5.14 to 5.21) and those obtained for the large grain size and small 
grain size TiN coating inserts (Figures 5. 5 to 5.12) were of the same 
form and exhibited the same features as those obtained (with the two 
exceptions previously identified in Section 6.3.1) for the TiN coated 
fM HSS inserts of different coating thickness (Figures 5. 25 to 5. 40) • 
It thus seems reasonable to suppose that the role of the TiN coating 
during cutting previously determined fran the metallographic sections 
through the worn coated inserts of TiN coating thickness 4 )lm (shown 
in Figures 5.47 to 5.50), as part of the study of the effect of TiN 
coating thickness, will be equally valid in the case of the TiN coated 
inserts of different coating microhardness and in the case of the 
large and small grain size TiN coating inserts. 
Assuming this to be the case, it can be seen fran Figures 5.47 to 5.50 
that although the worn surfaces of the TiN coating on the end 
clearance, flank and rake faces of the TiN coated fM HSS inserts (of 
coating thickness 4 )lffi) are smooth, particularly on the former face, 
they are not entirely featureless. Close examination reveals evidence 
of what appears to be the rerroval of sub-micron wear particles fran 
the coating. Reference to the TiN coating surface grain structures of 
the large grain size and small grain size TiN coating inserts employed 
in the present work (Figures 3.46(j) and 2.5 respectively- see 
Section 5. 2.1 for explanation), suggests that the size of these wear 
particles is of the same order as the size of the grains of the small 
grain size TiN coating, but appreciably smaller than the size of the 
189 
grains of the large grain size TiN coating. It is thus tentatively 
suggested that the reason why the cutting perfonnance of the large 
grain size TiN coating inserts has been found to be superior to that 
of the small grain size TiN coating inserts in the present ~ is 
that particles of TiN coating are rrore easily renoved during cutting 
in the case of the latter by fracture along grain boundaries, leading 
to increased rates of tool wear and thereby to shorter tool lives. 
As can also be seen f:ran Figures 5.47 to 5.50, however, evidence of 
the removal of these sub-micron wear particles f:ran the TiN coating is 
oot visible all along the worn surfaces of the T:!N coating on the end 
clearance, flank and rake faces of the TiN coated FM HSS inserts (of 
coating thickness 4 llm), but rather at a number of discrete points. 
This suggests that the wear mechanism referred to at the end of the 
previous paragraph is superposed on aoother, sovereign wear mechanism; 
the latter being primarily responsible for the overall srrooth nature 
of the worn surfaces of the TiN coating. It is tlrus tentatively 
suggested that the reason why the cutting performance of the TiN 
coated FM HSS inserts has been found not to be significantly affected 
by decrease in T:!N coating microhardness f:ran "'2000 to "-1600 kg nm-2 
in the present work, is that this sovereign wear mechanism is the 
adhesive rerroval of surface reaction (possibly oxide) films f:ran the 
surface of the TiN coating, and that due to the high chemical 
stability and resistance to oxidation of TiN, the rate-limiting step 
in this wear process is the rate of formation of the surface reaction 
films, which would not be significantly affected by TiN coating 
microhardness, rather than the rate of adhesive rerroval of very fine 
particles £ran these films, which WOUld be affected by TiN coating 
microhardness. 
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It should be noted that the above should not be consb:ued as iroplying 
that TiN coating rnicrohardness is not important. Clearly there must be 
a minimum TiN coating rnicrohardness (presumably less than "'1600 kg 
rnn-2 under the cutting conditions of the present oork), reduction 
below which oou!d be found to have a deleterious effect on the cutting 
perfo:tmanee of the TiN coated FM HSS inserts, by virtue of the above 
defined wear mechanism becaning subsidiary to another wear mechanism 
rrore sensitive to TiN coating rnicrohardness. 
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Table 6.1: Deposition conditions under which TiN coatings studied by 
Whittle (16) were chemically vap:mr deposited on FM BT42 grade 
HSS inserts in BemeK reactor at Edgar Alien Tools 
Stage Temp Total Gas flow rate, 1 hr-l Time, 
pressure mins 
oc rnb Ar H:2 Oi4 N2 ~(TiC14 ) 
Olarnber 0-800 200 570 57 t 
purge 
Carburi- 800-950 200 403 32 30 
sing 
Deposi- 950 900 256 358* 360 
tion 
Cooling 950-200 900-1000 287 t 
200-R.T. 1000 180 t 
R. T. - Ro:m temperature 
* - TiC14 reflux temperature = 48°C 
t - dependent upon size of batch to be coated 
CHAPTER 7 
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7. 0 MAJOR CONCLUSIONS AND SOOGESTIONS FOR FURl'HER OORK 
Following the format of the discussion of the results of the 
experimental work in the previous chapter, the major conclusions 
arising from that work, dealt with below, are arranged in three 
distinct groups. 'Ihe first ten conclusions are concemed with the 
characteristics of the TiN coatings chemically vapour deposited on FM 
BT42 grade HSS inserts under the standard deposition conditions 
employed by Edgar Allen Tools. Following these are twenty three 
conclusions (numbers 11 to 33) relating to the study of the effect of 
N2/TiC14 mole ratio, deposition temperature and total flow rate on the, 
characteristics of TiN ooatings chemically vapour deposited on the FM 
BT42 grade HSS inserts, whilst the remainder (numbers 34 to 57) refer 
to the effect of TiN ooating thickness, mi=hardness and grain size 
on the cutting performance of CVD TiN coated PM BT42 grade HSS 
inserts. It should be noted that the final twenty four conclusions 
relate specifically to the cutting conditions used in the present 
work. 
l. The canposition of the outer 6 11m of the standard deposition 
conditions TiN ooating on the as-ooated inserts is essentially 
uniform with a formula of 'VTiNo. 78 ; an average of "'3 at. % C also 
being present in the ooating. In the next 4 \Jm of the coating, up 
to the coating/substrate interface, the arrount of carbon present 
steadily increases, indicative of the formation of Ti(C,N), until 
immediately adjacent to the coating/substrate interface the 
ooating has a formula of Ti(Co. 3 , N0 _7). The presence of this 
layer of Ti(C,N) is associated with diffusion of carbon fran the 
PM BT42 grade HSS substrate. A significant amount of 
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mterdiffusion has oc=ed between elemental constituents of the 
coating and substrata. Comparable bulk stoichiometries have 
previously been observed for chemically vapour deposited TiN 
coatmgs. 
2. The standard deposi tian conditions TiN coating on both the rake 
and flank faces of the as-coated inserts exhibits preferred 
orientation of the {220} planes, giving {220} reflections "'2.1 
times as mtense as those frcm the randan:ly oriented TiN powder 
used for comparison purposes. A similar {220} preferred 
orientation has previously been observed in the case of TiN 
ooatmgs chemically vapour deposited on steel, cemented carbide 
and TiC-coated cemented carbide substrates. 
0 
3. The average lattice parameter values of 4.2399 and 4.2378 A 
respectively obtamed for the standard deposition conditions TiN 
coating on the rake and flank faces of the as-coated inserts 
compare reasonably well with values quoted in the literature for 
TiN coatings chemically vapour deposited on steel, cemented 
carbide and TiC-coated cemented carbide substrates. 
4. 'Ihe substrata microstructure of the as-ooated (standard deposition 
conditions) FM BT42 grade HSS inserts consists of relatively large 
angular carbides in a coarse-grained, semi-martensitic matrix, 
with a significant amount of pearlite evenly distributed 
throughout the microstructure at the grain boundaries. In 
addition, a continuous band of pearli te is present in the 
substrate adjacent to the coating/substrata interface an the rake 
face, with only isolated patches present in the substrata adjacent 
to the coating/substrate mterface an the flank face. 
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5. The values obtained for the thickness of the standard deposition 
=nditions TiN =ating on the rake and flank faces of two as-
=ated inserts canpare reasonably well. For both inserts, h:Mever, 
the thickness of the TiN =ating on the flank face is greater than 
that of the =ating on the rake face. 
6. 'Ihe grain structure of the standard deposition =ndi tions TiN 
coating on the as-coated inserts, as revealed by fractography, 
consists of a relatively thick layer of fme, equi-axed Ti(C,N) 
grains adjacent to the coating/substrata interface, with very much 
larger grains, exhibiting a tendency towards =lumnar growth, in 
the bulk of the coating. Similar grain structures have previously 
been obse:r:ved for C\1D TiN coatings on both PM HSS and cemented 
carbide substrates. 
7. The surface roughness of the standard deposition =ndi tions TiN 
coating on the flank face of the as-coated inserts is 
significantly greater than that of the coating on the rake face, 
due to the fact that the PM BT42 grade HSS inserts were ground on 
their rake (and bottan) surface prior to coating, whilst their 
flank faces were left in their original, as-sintered =ndition. 
8. On both the rake and flank faces, the grains on the surface of the 
standard deposition =nditions TiN =ating are pyramidal in shape. 
Grains with this m::lrphology have previously been obse:r:ved on the 
surface of C\1D TiN coatings. 
9. The average microhardness values of 2045 and 2047 kg rnn-2 obtained 
/ 
for the standard deposition ~tions TiN coating on the rake 
/ 
face of two as-=ated inserts canpare reasonably well to those 
quoted in the literature for TiN coatings chemically vapour 
deposited on both steel and cemented carbide substrates. 
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10. It has been detennined fran the scratch adhesion tests that the 
"" . 
standard deposition conditions TiN coating on heat treated, 
coated inserts is sroothed at a stylus load of 10 kg with no 
coating loss. Increase in stylus load to 11 kg results in slight 
rerroval of the TiN coating fran discrete regions of the scratch 
channel, with further increase in stylus load to 12 kg causing 
rrore coating rerroval • 
. 11. The coatings deposited at N2/TiC14 rrole ratios of 5 and 10 are 
Ti(C,N) and not TiN; their carbon content decreasing 
significantly with increase in N2/TiC14 rrole ratio fran 5 to 10. 
The formation of these Ti(C,N) coatings is due to carbon 
diffusing fran the HVI BT42 grade HSS substrata reacting with 
TiC14 (i.e. the substrata reaction). The coatings deposited at 
N2/TiC14 rrole ratios of 15, 20 and 25 are TiN with a constant 
composition of TiN0 • 75 ; approximately 1 at. % C also being 
present in the coatings. It is suggested that at low N2/TiC14 
rrole ratios the substrata reaction plays a very significant part 
in the deposition process in concert with the gas reaction (i.e. 
the reaction of TiC14 with N2 and~), probably due. to deficiency 
of N2 , but that with increasing N2/TiC14 mole ratio the gas 
reaction gradually becomes the controlling factor in the 
deposition process, with the substrata reaction being 
progressively inhibited but not canpletely eliminated. Once the 
N2/TiC14 mole ratio is high enough to inhibit the substrata 
reaction to such an extent that TiN and not Ti(C,N) is fonned in 
the bulk of the coating, further increase in the N2/TiC14 rrole 
ratio has no effect on the bulk stoichiometry of the TiN 
coatings. 
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12. The structure of the Ti(C,N) ooatings deposited at N2/TiC14 nole 
ratios of 5 and 10 oonsists of very fine, possibly equi-axed 
grains. In contrast, the structure of the TiN ooatings deposited 
at N2/TiC14 nole ratios of 15, 20 and 25 oonsists of a layer of 
very fine grained Ti(C,N) adjacent to the coating/substrata 
interface, with very much larger TiN grains, exhibiting a 
tendency towards columnar growth, in the bulk of the coatings. 
The Ti(C,N) layer is quite thick in the ooating deposited at an 
N2/TiCl4 rrole ratio of 15, but very much thinner in the coating 
deposited at the two higher rrole ratios. The size of the grains 
in the bulk of the TiN coatings deposited at "2/T.i.Cl4 nole ratios 
of 15, 20 and 25 decreases slightly with increasing nole ratio. 
These reSUlts canpletely co=rorate the suggested effect of 
N2/TiC14 rrole ratio on the deposition reaction (Conclusion 11). 
13. Increase in N2/TiCl4 nole ratio abcve a value of 15 causes a 
continuous, albeit small decrease in TiN ooating thickness. It 
therefore appears that once the N2/TiC14 mole ratio is high 
enough to inhibit the substrata reaction to such an extent that 
TiN and not Ti(C,N) is formed in the bulk of the ooating, further 
increase in rrole ratio simply causes a decrease in TiN coating 
thickness. With decrease in N2/TiC14 nole ratio below 15, the 
coating thickness initially increases. Further decrease in 
N2/TiC14 mole ratio below 10 causes a decrease in coating 
thickness. The former initial increase is attributed to the 
increasing contribution of the substrata reaction to the 
deposition process, leading to the deposition of a Ti(C,N) 
coating at a nole ratio of 10. The latter decrease is attributed 
to the rapidly decreasing contribution to the deposition process 
of the gas reaction. 
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14. The Ti(C,N) coating deposited at a mole ratio of 5 exhibits 
virtually no preferred orientation, whilst that deposited at a 
ItDle ratio of 10 exhibits only slight preferred =ientation of 
the {111} and {220} planes. The TiN coatings deposited at the 
higher N2/TiC14 ItDle ratios of 15, 20 and 25 exhibit preferred 
orientation of the {220} planes (and of the {111} planes in the 
case of the former), but no definite trend in {220} preferred 
orientation is evident with increasing N2/TiCl4 ItDle ratio. 
15. Both the lattice parameter values and the microhardness values 
determined f= the TiN coatings deposited at N2/TiCl4 ItDle ratios 
of 15, 20 and 25 do not differ significantly frcm each other. It 
therefore appears that once the N2 /TiC14 mole ratio is high 
enough to inhibit the substrata reaction to such an extent that 
TiN and not Ti(C,N) is fo:rmed in the bulk of the coating, further 
. 
increase in the N2/Tic14 ItDle ratio has little effect an either 
the lattice parameter = the microhardness of the TiN coatings. 
These effects are CC~Tpletely consistent with the observed effect 
of Nz/TiC14 mole ratio on the bulk stoichiometry of the TiN 
=atings (Conclusion 11). With decrease in N2/TiC14 ItDle ratio 
belCM 15, both the lattice parameter and the microhardness of the 
coatings increase. 'lhls is due to the fact that the coatings 
deposited at Nz/TiC14 ItDle ratios of 5 and 10 are Ti(C,N) and not 
TiN, and, in particular, to the fact that the carbon content of 
the former is greater than that of the latter. 
16. The surface grain structure of the Ti(C,N) =atings deposited at 
N2 /Ticl4 mole ratios of 5 and 10 seems to consist of 
hemispherical clones of different sizes, clustered together in 
sane cases, with very fine grains apparently present within them. 
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In canplete contrast, the surface of the TiN coatings deposited 
at the higher N2/TiC14 mole ratios of 15, 20 and 25 consists of 
grains which are pyramidal in fo:rm, the size of these grains 
decreasing slightly with increasing mole ratio. 
17. The intrinsic effect of increasing N2/TiC14 mole ratio on coating 
surface roughness is to cause it to decrease, as a :result of its 
effect on coating surface grain structure (Conclusion 16) . 
18. With increasing N2/TiC14 mole ratio, small, isolated patches of 
pearlite initially present in the FM HSS substrate adjacent to 
the rake face coating/substrate interface, grow in both number 
and size to eventually fonn a continuous band of pearlite which 
then increases in thickness. O:lncanitant with this, patches of 
pearlite begin to fonn at the grain boundaries throughout the 
bulk substrata microstructure, increasing in both size and number 
with increasing N2/TiC14 mole ratio. The first of these phencmena 
is directly attributable to the suggested effect of N2/TiC14 mole 
ratio on the deposition reaction (Conclusion 11), whilst the 
second indicates that carbon diffusion from the bulk of the 
substrate to the coating/substrata interface takes place along 
grain boundary diffusion paths. 
19. Decrease in deposition temperature over the range 1050 to 950°C 
has no significant effect on either the bulk stoichianetry or the 
form of the grain structure of the TiN coatings, the latter 
consisting of a thin layer of fine Ti(C,N) grains adjacent to the 
coating/substrata interface, with larger grains exhibiting a 
tendency towards columnar growth in the bulk of the coatings. It 
does, however, cause a significant decrease in the size of the 
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grains in the bulk of the ooatings. It appears, frc:m the former, 
that the predominance of the gas reaction on the deposition 
process and the corresponding inhibition but not complete 
elimination of the substrata reaction previously identified for 
an Nz/TiC14 rrole ratio of 20 and a depcsition temperature of 
1050°C, is essentially unaffected by decrease in deposition 
temperature a<rer the range studied. 
20. Increase in deposition temperature a<rer the range 950 to 1050°C 
causes an expcnential increase in TiN coating thickness. With 
reference to the activation energy value of 125 KJ mole-1 
calculated for the Cl/0 of the TiN ooatings on the PM HSS inserts, 
it is concluded that the TiN deposition reaction was not 
controlled either by mass transport or surface reaction, but 
rather that mass transport was rrore influential than surface 
reaction in the TiN depcsi tion process. 
21. There is no visible trend in the preferred =ientation of the TiN 
coatings with increase in deposition temperature over the range 
950 to l050°C, nor is there any significant change in the lattice 
parameter of the ·TiN ooatings. The latter is oonsistent with the 
effect of deposition temperature on the bulk stoichianetry of the 
TiN coatings (Conclusion 19) . 
22. The morphology of the surface grains on the TiN coatings 
deposited at the higher deposition temperatures of 1000 and 
1050°C is clearly pyramidal, whilst at the lower deposition 
temperature of 950°C the !lDrphology cannot, unambiguously be 
classified as such. Increase in deposition temperature over the 
range 950 to 1050°C causes a significant increase in the size of 
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the grains on the surface of the TiN coatings. This is 
consistent with the effect of deposition temperature on the size 
of the grains in the bulk of the TiN coatings (Conclusion 19) and 
is in full agreement with previous work. It is attributed to 
increases in nucleus size and growth rate with increasing 
deposition temperature. 
23. The effect on the surface roughness of the TiN coatings of 
increase in deposition temperature over the range 950 to 1050°c 
is rot clear. 
24. Fran a very low value at a deposition temperature of 950°c, the 
microhardness of the TiN ocatings increases significantly with 
increase in deposition tanperature over the range 950 to 1050°C. 
This increase cannot be related to changes in TiN coating 
composition or internal strain since increasing deposition 
temperature has been found to have no significant effect on 
either TiN coating stoichiometry or lattice parameter 
(Conclusions 19 and 21 respectively). Further, it is thought 
unlikely to be related to the conccmitant effect of increasing 
deposition temperature on TiN coating thickness (Conclusion 20) 
and even less likely to be related to the conccmitant increase in 
ocating grain size (Conclusion 22) • It may however be associated 
with a conccmitant increase in crystal defect ooncentration. 
25. Decrease in deposition tanperature over the range 1050 to 950°c 
causes an increase in the amount of pearlite in the PM HSS 
substrata adjacent to the coating/substrata interface on the rake 
face, this increase being particularly marked at the lowest 
deposition temperature of 950°C. It is suggested that this can be 
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explained in tenns of the rate of decrease of mass transport of 
the reactant gases with decreasing deposition temperature 
exceeding the rate of decrease of PM BT42 grade HSS substrate 
carbon diffusion. 
26. Increase in total flow rate aver the range 2500 to 5500 1 hr-l 
causes an essentially linear increase in TiN coating thickness. 
The rate of increase of TiN coating thickness with increasing 
total flow rate lies between the higher and zero rates inferred 
in previous work to correspond to the TiN deposition reaction 
being controlled by mass transport and surface reaction 
respectively, but closer to the fonner than the latter. It is 
thus concluded that, in the present oork, the TiN deposition 
reaction was not controlled either by mass transport or surface 
reaction, but rather that mass transport was more influential 
than surface reaction in the TiN deposition process. Exactly the 
same conclusion has been reached fran the observed effect of 
deposition temperature on TiN coating thickness (Conclusion 20) • 
27. A1 though decrease in total flow rate over the range 5500 to 3500 
1 hr-l has no significant effect on the bulk stoichianetry of the 
TiN coatings, decrease fran 3500 to 2500 1 hr-1 apparently causes 
a reduction in N2 content of the TiN coatings, for reasons which 
are not clear. Despite the latter, it appears that the 
predcminance of the gas reaction on the deposition process and 
the corresponding inhibition but not canp1ete elimination of the 
substrata reaction previously identified for an Nz/TiC14 mole 
ratio of 20 and a total flow rate of 5500 1 ~, is essentially 
unaffected by decrease in total flow rate over the range studied. 
This is corroborated by the obseJ:vation that decrease in total 
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flow rate over the range 5500 to 2500 1 hr-l has no significant 
effect on the fonn of the grain structure of the TiN coatings; 
consisting of a thin layer of fine Ti(C,N) grains adjacent to the 
coating/substrata interface, with larger grains exhibiting a 
tendency towards columnar growth in the bulk of the coatings. It 
does however appear to cause a decrease in the size of the grains 
in the bulk of coatings. 
28. Whilst the norphology of the surface grains on the TiN coating 
deposited at a total flow rate of 5500 1 hr-1 is clearly 
pyramidal, there appears to be a subtle change in norpho1ogy with 
decrease in total flow rate below 5500 1 hr-1 , although this is 
difficult to categorise. Increase in total flow rate over the 
range 2500 to 5500 1 hr - 1 causes an increase in the size of the 
grains on the surface of the TiN coatings. This is consistent 
with the apparent effect of total flow rate on the size of the 
grains in the bulk of the TiN coatings (Conclusion 27) and is in 
full agreement with previous work. It is attributed to increases 
in nucleus size and growth rate with increasing total flow rate. 
29. The surface :roughness of the TiN coatings increases with increase 
in total flow rate over the range 2500 to 5500 1 hr - 1, as a 
result of the increase in surface grain size of the TiN coatings 
(Conclusion 28) . 
30. Although the TiN coatings deposited at each of the four different 
total flow rates exhibit slight preferred orientation of the 
{220} planes, there is no discernible trend in {220} preferred 
orientation with increase in total flow rate over the range 2500 
to 5500 1 hr - 1 • The TiN coating deposited at a total flow rate 
of 4500 1 hr-1 additionally exhibits strong preferred orientation 
of the {200} planes, for reasons which are not clear. 
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31. Initially, with decrease in total flow rate fran 5500 to 4500 1 
hr-l there is no significant change in the lattice parameter of 
the TiN coatings. Reduction in total flow rate to 3500 1 hr-1 , 
hc:Mever, causes an increase in lattice parameter, whilst further 
reduction in total flow rate to 2500 1 hr -l results in a decrease 
in the lattice parameter of the TiN ooatings. This decrease is 
associated with the accanpanying reduction in N2 content of the 
TiN ooatings (Conclusion 27), but does not fully reflect this 
reduction. This clearly implies that the underlying trend of 
lattice parameter with decrease in total flow rate fran 3500 to 
2500 1 hr-1 is actually upwards and further that, in the absence 
of the change in coating stoichiometry, the increase in TiN 
ooating lattice parameter with decrease in total flow rate fran 
4500 to 3500 1 hr-l would have simply continued with decrease in 
total flow rate fran 3500 to 2500 1 hr-1 . This underlying trend 
of an increase in TiN ooating lattice parameter with decrease in 
total flow rate below 4500 1 hr - 1 is attributed to decrease in 
the level of internal canpressive strain in the TiN ooatings with 
decrease in total flow rate below 4500 1 hr-1 . There is no 
significant change in the level of internal canpressive strain in 
the TiN ooatings with decrease in total flow rate fran 5500 to 
4500 1 hr-1 . 
32. The microhardness of the TiN ooatings initially increases with 
increase in total flow rate fran 2500 to 4500 1 hr -l, but then 
remains sensibly constant with further increase in total flow 
rate up to 5500 1 hr-1 . This effect of total flow rate on TiN 
coating microhardness is not related to ooncani tant changes in 
either TiN coating stoichianetry, thickness or grain size, rather 
it is due to its concanitant effect on the level of internal 
canpressive strain in the TiN coatings. 
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33. Decrease in total flow rate O<Jer the range 5500 to 2500 1 hr-
causes a significant increase in the amount of pearlite in the PM 
HSS substrate adjacent to the coating/substrata interface on the 
rake face. This is attributed to the fact that, since the study 
of the effect of total flow rate on the TiN coatings was carried · 
out at a constant deposition temperature of l050°C, the inherent 
rate of PM BT42 grade HSS substrata carbon diffusion I>.Ullld have 
remained constant whilst, with decreasing total flow rate, the 
rate of supply of the gaseous reactant gases would have 
decreased. 
34. At both the cutting speeds of 50 and 57.5 m min-1, the tool wear 
curves of average flank wear land length, max:!mum end clearance 
face wear land length, max:!mum crater depth and max:!mum crater 
width versus cut distance obtained for the TiN coated PM HSS 
inserts of different coating thickness, with b.u exceptions (TiN 
coating thickness l. 85 11m, cutting speed 50 m min -l, crater wear 
curves - onset of wear significantly delayed following 
ccmnencement of cutting), are all of essentially the same fonn. 
Following the ccmnencement of cutting, they consist of an initial 
period of breaking-in wear succeeded by steady-state wear 
extending to or relatively close to catastrophic failure. 
Max:i.mum crater depth exceeds the thickness of the TiN coating on 
the rake face of the inserts very shortly after the ccmrencement 
of cutting, with increasing TiN coating thickness apparently 
having little effect on this, nor on the period of breaking-in 
wear before steady-state crater depth and crater width wear are 
established. 
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35. At both the cutting speeds of 50 and 57. 5 m min -l, a distinct 
difference exists between the effect of TiN coating thickness on 
crater wear and an flank and end clearance face wear. The rates 
of both steady-state crater depth and crater width wear initially 
decrease with increasing TiN coating thickness, to min:irnum values 
at a coating thickness of between 6 and 7 \Jm, and then increase. 
In contrast, the rates of both steady-state flank and end 
clearance face wear exhibit an initial abrupt decrease and then, 
with further increase in TiN coating thickness, the rate of 
steady-state flank wear remains sensibly constant, whilst that of 
end clearance face wear continues to decrease but at a very much 
slower, approximately linear rate. 
36. At both the cutting speeds of 50 and 57.5 m min-1, although an 
initial sizeable reduction in bue height occurs with increase in 
TiN coating thickness fran zero, further increase in TiN coating 
thickness beyond -v2 ¥m has no significant effect an the size of 
the bue formed an the coated PM HSS inserts during cutting. 
37. It has been established frcrn the metanographic sections through 
the== TiN coated inserts of coating thickness 4 )Jm that: 
i) Flank wear has been basically confined to the fonnatian of 
a flat an the intact TiN coating. Because of the rounded 
major cutting edge, this flat is located in the region 
where the cutting edge radius blends with the flank 
clearance face, and does not extend to the insert rake 
face. The TiN coating an the remainder of the rounded major 
cutting edge above the location of this flat is slightly 
and S!l'OOthly =m and continues unbroken onto the adjoining 
rake face. 
205 
ii) The TiN coating on the end clearance face has been ~m 
through in the region where the end cutting edge radius 
blends with the end clearance face, leading to exposure and 
wear of the underlying PM HSS substrata. On the remainder 
of the rounded end cutting edge above this ~m region, the 
TiN coating is intact and unworn, extending on to the 
adjoining rake face. 
iii) Although the TiN coating is still present on the rake face 
directly adjacent to the major cutting edge, it does not 
extend to the front end of the = =ater, but rather 
terminates abruptly at sane distance fran it, indicative of 
the detachment of discrete pieces of coating from this 
region of the rake face. At the rear end of the worn 
=ater, remote fran the maj= cutting edge, the TiN coating 
remaining is obliquely ~m approximately in-line with the 
~m crater surface. 
iv) Not only is the TiN coating still present on the rake face 
directly adjacent to the end cutting edge, it extends fran 
the end cutting edge right up to the near side of the ~m 
crater where it is obliquely ~m approximately in-line 
with the ~m =ater surface. The TiN coating remaining at 
the other side of the ~m =ater, remote fran the end 
cutting edge, is similarly =· 
38. The markedly lower end clearance face wear rate exhibited by the 
TiN coated insert of coating thickness 4 11m c.f. the zero coating 
thickness (uncoated) insert, despite the TiN coating on the 
former having been ~m tt=ugh on the end clearance face, is 
attributed to the continued presence of the TiN coating, although 
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worn, in the regions adjoining the section of exposed HSS 
substrate, restricting the grcMth rate of the end clearance face 
wear land. It is consequently suggested that the slow, 
approximately linear decrease in the end clearance face wear rate 
of the coated inserts with increase in TiN coating thickness fran 
"'2 to 8 11m can be rationalised in terms of a concanitant increase 
in the proportion of the end clearance face wear land length 
occupied by~ TiN coating as opposed to exposed HSS substrate. 
The rapid increase in end clearance face wear rate with decrease 
in coating thickness below "'2 l1ffi is attributed to the proportion 
of end clearance face wear land length occupied by worn TiN 
coating being insufficient to restrict the grcMth rate of the end 
clearance face wear land. 
39. The constancy of flank wear rate exhibited by the TiN coated PM 
HSS inserts with increase in TiN coating thickness fron 3 to 8 11 m 
is simply attributed to flank wear of the coated inserts CNer 
this coating thickness range being confined to the fomation of a 
flat on the intact TiN coatings. The rapid increase in flank wear 
rate with decrease in coating thiclmess below -v2 .11m is suggested 
to be due to breakthrough of the TiN coating on the flank face of 
the inserts. 
40. The continued presance of the TiN coating at the rear end and at 
both sides of the worn crater during cutting is primarily 
responsible for the reduced crater wear of the TiN coated PM HSS 
inserts despite rake face coating breakthrough. Further, the 
continuous decrease in crater wear rates of the TiN coated PM HSS 
inserts with increase in coating thickness up to 6 urn is 
primarily caused by an attendant increase in the oblique width of 
worn TiN coating at the rear end and at both sides of the worn 
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=ater. The subsequent, progressive increase in =ater wear rates 
exhibited by the TiN coated PM HSS inserts of coating thickness 7 
and 8 lJffi is attributed to the il=eased detachment of dis=ete 
pieces of these thicker coatings from the rake face of the 
inserts in the region adjacent to the major cutting edge and, 
perhaps xrore significantly, at the side of the = =ater near 
to the end cutting edge. 
41. The lack of any significant effect of increase in TiN coating 
thickness beyond "-2 ~m on the size of bue fanned on the coated PM 
HSS inserts during cutting, is primarily attributed to the 
continued presence of the TiN coating on the flank face and the 
rounded major cutting edge and directly adjacent rake face of the 
inserts during cutting. 
42. At the cutting speeds of 50 and 57. 5 m min -l, a1 tlx:lugh the tcol 
life of the TiN coated PM HSS inserts of coating thickness "-2 l!m 
is alxrost double that of the zero coating thickness (uncoated) 
inserts, increase in TiN coating thickness above "-2 llm initially 
results in the tool life of the coated inserts actually 
decreasing slightly, to a l=al minimum at a coating thickness of 
between 3 and 4 JJm. Further increase in coating thickness, 
however, causes a rapid il=ease in the tcol life of the coated 
inserts, to a maximum at a coating thickness of between 6 and 7 
lJffi, followed by a sharp decrease. 
43. Canparing the effect of increasing coating thickness on the tcol 
life and tcol wear of the TiN coated PM HSS inserts, it is clear 
that there is much greater correlation between tcol life and 
=ater wear than flank or end clearance face wear. 
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44. It is concluded that, though the effect of increasing ooating 
thickness on the tool life of the TiN ooated FM HSS inserts is 
primarily related to a ooncurrent effect on the rake face of the 
ooated inserts, the nature of the latter cannot be canpletely 
represented in tenns of crater depth and =ater width wear rates. 
45. The higher than expected tool lives exhibited by the TiN coated 
FM HSS inserts of ooating thickness 3 )Jffi and, especially, 2 )Jm 
are attributed to the layer of Ti(C,N) in these coatings adjacent 
to ocating/substrate interface occupying a substantial proportion 
of total coating thickness, particularly in the case of the 
latter. 
46. At both the cutting speeds of 50 and 57. 5 m min - 1, the tool wear 
curves obtained for the TiN ooated FM HSS inserts of ooating 
microhardness "'2000 kg mn-2 and those of ooating microhardness 
"'1600 kg nm-2 are of the same form and exhibit the same features 
as those obtained (with the two exceptions previously identified 
in Conclusion 34) for the TiN coated FM HSS inserts of different 
ooating thickness. As with the latter inserts, maximum =ater 
depth exceeds the thickness of the TiN coating very shortly after 
the commencement of cutting, with decrease in TiN coating 
microherdness fran "'2000 to "'1600 kg nm-2 apparently having = 
significant effect on this, =r on the period of breaking-in 
wear before steady-state =ater depth and =ater width wear are 
established. 
47. De=ease in TiN ooating microherdness fran "'2000 kg nm-2 to "'1600 
kg mm-2 has not had any sustained, significant effect on either 
the flank, end clearance or =ater wear rate of the TiN coated FM 
HSS inserts. 
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48. Decrease in TiN coating microhardness from ~2000 kg mm-2 to 
~1600 kg mm-2 has not had err{ significant effect on the tool life 
of the TiN coated FM HSS inserts at the cutting speeds of 50 and 
57.5 m min-1 • 
49. At the lower cutting speed of 50 m min-l, the bue formed on the 
TiN coated FM HSS inserts of coating microhardness o,2QOO kg mm-2 
is smaller than that on the coated inserts of coating 
microhardness ~600 kg mm-2 . At the higher cutting speed of 57.5 
m min-l the situation is reversed. 
50. At both the cutting speeds of 47.5 and 55 m min-1 , the tool wear 
curves obtained f= the large and small grain size TiN coating 
inserts are of the same form and exhibit the same features as 
those obtained (with the t= exceptions previously identified in 
Conclusion 34) for the TiN coated FM HSS inserts of different 
coating thickness and those obtained for the TiN coated FM HSS 
inserts of different coating microhardness. As with these 
inserts, maximum crater depth exceeds the thickness of the TiN 
coating very shortly after the cannencement of cutting, with 
change in TiN coating grain size apparently having no significant 
effect on this, nor on the period of breaking-in wear before 
steady-state crater depth and crater width wear are established. 
51. Decrease in TiN coating grain size has resulted in a significant 
increase in the rates of both steady-state flank and end 
clearance face wear of the TiN coated FM HSS inserts at both the 
cutting speeds of 47.5 and 55 m min-1 , together with a more 
modest increase in the rates of both steady-state crater depth 
and crater width wear at the lower cutting speed of 47.5 m min-l 
only. 
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52. At both the cutting speeds of 47.5 and 55 m min-1, the large 
grain size TiN coating inserts exhibit approximately 1.6 times 
the tool life of the small grain size TiN coating inserts. 
53. At both the cutting speeds of 47.5 and 55 m min-1, the size of 
bue fanned on the large and small grain size TiN coating inserts 
does not differ significantly. 
54. Since the tool wear cw:ves obtained for the TiN coated FM HSS 
inserts of different coating microhanlness and those obtained for 
the large and small grain size TiN coating inserts are o£ the 
same fonn and exhibit the same features as those obtained (with 
the two previously identified exceptions) for the TiN coated 
inserts of different coating thickness, it is assuned that the 
role of the TiN coating during cutting detennined within the 
coating thickness study (Conclusion 37) is equally valid in the 
case of the fanner coated inserts. 
55. It is tentatively suggested that the reason why the cutting 
performance of the large grain size TiN coating inserts is 
superior to that of the small grain size TiN coating inserts, is 
that particles are rrore easily rerroved fran the worn TiN coating 
on the flank, end clearance and rake faces of the latter inserts 
during cutting by fracture along grain boundaries, leading to 
increased tool wear rates and thereby to shorter tool lives. It 
is further suggested that this wear mechanism is superposed on 
another, sovereign wear mechanism. 
56. It is tentatively suggested that the reason why the cutting 
perfonnance of the TiN ccated FM HSS inserts is not significantly 
affected by decrease in TiN coating microhardness fran "-2000 to 
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"- 1600 kg nm-2 is that the sovereign wear mechanisn referred to in 
Conclusion 55 is the adhesive removal of surface reaction 
(possibly oxide) films fran the surface of the TiN coating, and 
that due to the high chemical stability and resistance to 
oxidation of TiN, the rate-limiting step in this wear process is 
the rate of formation of the surface reaction films, which would 
not be significantly affected by TiN coating microhardness, 
rather than the rate of adhesive removal of very fine particles 
from these films, which would be affected by TiN coating 
microhardness. 
57. With reference to all the results obtained fran this study of the 
effect of process parameters, it is recannended that Edgar Allen 
Tools should employ the deposition conditions specified belCM for 
the CVD of TiN coatings on the PM BT42 grade HSS cutting tool 
inserts in their Plansee reactor: deposition temperature 1050°C, 
N2 flow rate 1775 1 hr-1 , H2 flow rate 1190 1 hr-1 , H2 (TiC14 ) 
flow rate 1535 1 hr-l and deposition time 60 minutes, with the 
remaining deposition conditions as specified in Table 3.2. 
* * * * * 
Fran the results and observations in the present study the following 
suggestions for further work are made: 
1. More research is required into the effect of deposition 
temperature on TiN coating microhardness. In the present study it 
has been found that an increase in deposition temperature leads 
to an increase in TiN coating microhardness, fran a very lCM 
value at a deposition temperature of 950°C. It has been 
tentatively suggested, without any substantiating experimental 
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evidence, that this may be due to a concomitant increase in 
crystal defect ccncentration. Consequently, it is felt that it 
would be instructive to carry out some TEM work on the TiN 
coatings with regard to determining their crystal defect 
ccncentration and its variation with deposition temperature. The 
difficulties associated with preparing the required thin sections 
of the TiN coated inserts is recognised. 
2. Further work is required to unequivocally establish the canplex 
relationship between tool wear and tool life of the TiN coated PM 
HSS inserts. Since, in the present work, it has been suggested 
that the continued presence, during cutting, of the TiN coating 
on the rake face of the coated inserts directly adjacent to the 
end cutting edge and its extension fran the end cutting edge 
right up to the near side of the worn crater, are of importance, 
it is proposed that initially this area slu.lld be targeted for 
more detailed investigation. In addition to the preparation of 
metallographic sections through this region of worn TiN coated 
inserts, it is suggested that other techniques, such as scanning 
electron rnicroscopy, should be employed, and that worn coated 
inserts at different stages of their tool life, particularly 
shortly after the commencement of cutting and close to 
catastrophic failure, should be examined. This work should aid in 
more fully accounting for the following effects observed in the 
present work: the overall effect of TiN coating thickness on the 
tool life of the TiN coated PM HSS inserts; the higher than 
expected tool lives exhibited by the TiN coated inserts of 
coating thickness 2 and 3 ~m; the increased crater wear rates 
and reduced tool lives exhibited by the TiN coated inserts of 
coating thickness 7 and 8 11m, and the effect of TiN coating grain 
size on the tool life of the TiN coated PM HSS inserts. 
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3. Concurrently with the above >OC>rk, attempts should be made to 
properly identify the prevailing wear mechanisms and the relevant 
properties of the TiN coatings responsible for resisting these. 
In the longer term, this should facilitate the identification of 
hard material coatings for HSS cutting tools which are superior 
to TiN. 
4. An investigation should be carried out into the effect of a TiN 
coating (deposited under the conditions specified in Conclusion 
57) on the cutting performance of PM HSS inserts used to machine 
other workpiece materials such as grey cast iron, medium carbon 
steel, low-carbon free machining steel and stainless steel. 
5. Evidence in the literature for cemented carbide inserts indicates 
that nrultilayer CI1D coatings involving both TiN and TiC afford 
greater improvements in cutting performance than single layer TiN 
coatings, oonsequently it is suggested that the application of 
such nrultilayer CI1D coatings and single layer Ti(C,N) coatings to 
PM HSS inserts should be investigated, and the cutting 
performance of such coated inserts ccmpared to that of PM HSS 
inserts with a single layer CI1D TiN coating (deposited under the 
conditions specified in Conclusion 57) . 
6. The application of other CI1D hard material coatings to PM HSS 
cutting tool inserts should be studied. Al2o3 coatings are 
cu=ently under investigation and, with reference to the 
literature on coated cemented carbide inserts, it is recarrnended 
that hafnium nitride coatings should be investigated next. 
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APPENDIX 1 
READINGS TAKEN DURING COATING RUNS 
---------------------------------------------------------------
Table A1.1 Readings taken during standard deposition conditions run 
Inlet gas TiC14 Gas flow rate Reactor terrperature, °C 
Time pressure bath 1 hr1 Chart Digital 
mins. psi tercp Temperature controllers recorder thernometer 
N2 H2 oc N2 H2 H2(TiC14) '!bp Middle Bottom 
0 35 40 50 1775 1850 1875 1010 1010 990 1085 1064 
5 35 40 49.5 1775 1850 1870 1010 1005 990 1085 1065 
10 35 40 50 1775 1850 1900 1010 1005 990 1085 1067 
15 35 40 50 1775 1850 1900 1010 1010 990 1085 1067 
20 35 40 49.5 1800 1850 1900 1010 1002.5 990 1080. 1070 
25 35 40 49.5 1775 1850 1900 1010 1002.5 990 1080 1072 
30 35 40 49.5 1775 1850 1890 1010 1002.5 990 1080 1072 
35 35 40 49.5 1775 1850 1900 1010 1002.5 990 1080 1071 
40 35 40 49.5 1775 1850 1900 1010 1005 990 1080 1075 
45 35 40 49.5 1775 1850 1900 1010 1005 990 1080 1075 
50 35 40 49.5 1775 1850 1900 1010 1002.5 990 1080 1074 
55 35 40 49.5 1800 1850 1900 1010 1000 990 1080 1077 
60 35 40 49.5 1800 1850 1900 1012.5 1002.5 990 1080 1078 
Table A1. 2 Readings taken during nm 1 
Inlet gas Ticl4 Gas flow rate Reactor tenperature, 
0 c 
Time pressure bath 1 hr1 Chart Digital 
mina. psi te.np Temperature controllers recorder therm:::uneter 
N2 H2 oc N2 H2 H2(TiC14) 'lbp Middle Bottan 
0 12 58 50 570 3055 1875 988 990 968 1056 1050 
5 12 58 50 570 3055 1875 989 989 963 1056 1051 
10 12 58 50 570 3055 1875 990 990 960 1056 1050 
15 12 58 50 570 3055 1875 989 989 959 1056 1050 
20 12 58 50 570 3055 1875 991 989 961 1056 1050 
25 12 58 50 570 3055 1875 990 990 960 1056 1051 
30 12 58 50 570 3055 1875 990 989 960 1056 1049 
35 12 58 50 570 3055 1875 991 989 956 1056 1049 
40 12 58 50 570 3055 1875 991 989 956 1056 1051 
45 12 58 50 570 3055 1875 990 990 955 1056 1049 
50 12 58 50.5 570 3055 1875 990 990 955 1056 1051 
55 12 58 51 570 3055 1875 990 988 958 1056 1051 
60 12 58 51 570 3055 1875 990 989 959 1056 1051 
Table Al. 3 Readings taken during run 2 
Inlet gas TiCl4 Gas flow rate Reactor terrq;>erature, 
0 c 
Time pressure bath l hr1 Chart Digital 
mins. psi temp Terrq;>erature controllers recorder therm::Jmeter 
N2 H2 oc N2 H2 H2(TiC14) 'lbp Middle Bottom 
0 12 58 50 1140 2485 1875 1005 1000 975 1056 1051 
5 12 58 50 1140 2485 1875 1004 998 975 1056 1050 
10 12 58 50 1140 2485 1875 1005 995 967 1056 1050 
15 12 58 50 1140 2485 1875 1005 995 965 1056 1050 
20 12 58 50 1140 2485 1875 1005 992 963 1056 1050 
25 12 58 50 1140 2485 1875 1005 992 962 1056 1051 
30 12 58 50 1140 2485 1875 1004 992 962 1056 1050 
35 12 58 50.5 1140 2485 1875 1004 992 962 1056 1051 
40 12 58 51 1140 2485 1875 1003 991 961 1056 1050 
45 12 58 51 1140 2485 1875 1005 992 960 1050 1051 
50 12 58 51 1140 2485 1875 1004 994 962 1050 1051 
55 12 58 51 1140 2485 1875 1003 993 961 1050 1051 
60 12 58 51 1140 2485 1875 1002 995 962 1050 1050 
Table Al. 4 Readings taken during run 3 
Inlet gas TiC14 Gas flow rate Reactor tenperature, 
0c 
Tilre pressure bath 1 hr1 Chart Digital 
mins. psi tenp Temperature controllers recorder thenrorneter 
N2 H2 oc N2 H2 H2(TiC14) 'Ibp Middle Bottom 
0 12 58 50 1710 1915 1875 1000 997 982 1064 1050 
5 12 58 50 1710 1915 1875 997 997 977 1064 1050 
10 12 58 50 1710 1915 1875 997 997 977 1064 1049 
15 12 58 50 1710 1915 1875 998 996 973 1064 . 1050 
20 12 58 50 1710 1915 1875 999 994 972 1062 1050 
25 12 58 50 1710 1915 1875 998 993 970 1060 1051 
30 12 58 50 1710 1915 1875 997 994 970 1058 1051 
35 12 58 49.5 1710 1915 1875 997 993 967 1058 1050 
40 12 58 49.5 1710 1915 1875 997 992 967 1058 1050 
45 12 58 49.5 1710 1915 1875 997 992 967 1056 1052 
50 12 58 49.5 1710 1915 1875 995 993 967 1056 1051 
55 12 58 49.5 1710 1915 1875 997 992 967 1056 1050 
60 12 58 49.5 1710 1915 1875 997 992 967 1056 1050 
Table A1.5 Readings taken during run 4 
Inlet gas TiC14 Gas flow rate Reactor terrperature, 
0 c 
Tirre pressure bath 1 hrl Chart Digital 
mins. psi terrp Terrperature controllers recorder thenrorreter 
N2 H2 oc N2 H2 H2(TiC14) '!bp Middle Bottcm 
0 12 58 50 2280 1345 1875 1003 1008 965 1047 1050 
5 12 58 50 2280 1345 1875 1007 1007 962 1048 1050 
10 12 58 50 2280 1345 1875 1008 1008 961 1045 1053 
15 12 58 50 2280 1345 1875 1007 1007 960 1045 1052 
20 12 58 49.5 2280 1345 1875 1004 1004 957 1046 1050 
25 12 58 49.5 2280 1345 1875 1004 1004 954 1046 1050 
30 12 58 50 2280 1345 1875 1004 1004 960 1045 1053 
35 12 58 50 2280 1345 1875 1001 1003 956 1045 1050 
40 12 58 50 2280 1345 1875 1000 1003 955 1044 1051 
45 12 58 50 2280 1345 1875 1002 1002 955 1042 1049 
50 12 58 50 2280 1345 1875 1003 1003 953 1042 1050 
55 12 58 50.5 2280 1345 1875 1002 1004 954 1042 1051 
60 12 58 50.5 2280 1345 1875 1001 1001 953 1042 1052 
Table Al. 6 Readings taken during run 5 
Inlet gas TiC14 Gas flow rate Reactor tenperature, 0c 
Time pressure bath 1 hrl Chart Digital 
mins. psi terrp Temperature controllers recorder thenrorneter 
N2 H2 oc N2 H2 H2(TiC14) 'Ibp Middle Bottom 
0 10 40 50 2850 775 1875 1000 980 1000 1044 1050 
5 10 40 50 2850 775 1875 1001 976 997 1044 1050 
10 10 40 50.5 2850 775 1875 1002 977 997 1044 1050 
15 10 40 50.5 2850 775 1875 1003 978 998 1044 1050 
20 10 40 50 2850 775 1875 1003 980 998 1044 1050 
25 10 40 50 2850 775 1875 1003 978 1000 1044 1051 
30 10 40 50 2850 775 1875 1002 977 1002 1044 1050 
35 10 40 50 2850 775 1875 1003 977 1003 1044 1050 
40 10 40 50 2850 775 1875 1003 973 1000 1044 1050 
45 10 40 50 2850 775 1875 1003 973 1000 1044 1050 
50 10 40 50 2850 775 1875 1000 970 1000 1044 1052 
55 10 40 50 2850 775 1875 996 986 1000 1044 1050 
60 10 40 50 2850 775 1875 995 985 995 1044 1050 
Table A1.7 Readings taken during nm 6 
Inlet gas TiC14 Gas flow rate Reactor tenperature, 
0 c 
Tlire pressure bath 1 hr1 Chart Digital 
mins. psi tenp Temperature controllers reoorder thenrometer 
N2 H2 oc N2 H2 H2(TiC14) 'Ibp Micklle Bottom 
0 55 62 50 2400 1225 1875 890 890 890 960 950 
5 55 62 50 2400 1225 1875 890 890 890 960 948 
10 55 62 50 2400 1225 1875 898 893 893 960 950 
15 55 62 50 2400 1225 1875 900 895 895 960 950 
20 55 62 50 2400 1225 1875 900 895 895 965 951 
25 55 62 50 2400 1225 1875 900 895 897 965 950 
30 55 62 50 2400 1225 1875 902 892 897 965 950 
35 55 62 50 2400 1225 1875 900 895 898 968 951 
40 55 62 50 2400 1225 1875 900 892 895 965 950 
45 55 62 50 2400 1225 1875 897 890 895 965 952 
50 55 62 50 2400 1225 1875 897 890 892 965 960 
55 55 62 50 2400 1225 1875 894 890 894 960 949 
60 55 62 50 2400 1225 1875 897 892 895 960 950 
Table Al. 8 Readings taken during run 7 
Inlet gas TiC14 Gas flow rate Reactor tenperature, °C 
Time pressure bath 1 hr1 Chart Digital 
mins. psi tenp Tenperature controllers recorder therm:nneter 
N2 H2 oc N2 H2 H2(TiC14) 'Ibp Middle Bottom 
0 55 40 50 1975 1650 1875 953 935 947 1000 999 
5 55 40 50 1975 1650 1875 956 938 947 1005 999 
10 55 40 50 1975 1650 1875 960 940 950 1005 999 
15 55 40 50 1975 1650 1875 962 942 957 1008 1000 
20 55 40 50 1975 1650 1875 964 940 955 1005 1001 
25 55 40 50 1975 1650 1875 963 942 957 1005 1001 
30 55 40 50.5 1975 1650 1875 960 940 955 1005 1000 
35 55 40 50.75 1975 1650 1875 958 940 955 1005 1000 
40 55 40 50.5 1975 1650 1875 955 940 955 1005 1000 
45 55 40 50 1975 1650 1875 958 940 957 1005 1000 
50 55 40 50 1975 1650 1875 956 941 956 1005 1000 
55 55 40 50 1975 1650 1875 956 941 956 1005 1000 
60 55 40 50 1975 1650 1875 956 941 956 1005 1000 
Table Al. 9 Readings taken during run a 
Inlet gas TiC14 Gas flow rate Reactor terrperature, 
0 c 
Time pressure bath 1 hr1 Chart Digital 
mins. psi tenp Temperature controllers recorder therrrometer 
N2 H2 oc N2 H2 H2(TiC14) 'lbp Middle Bottom 
0 55 62 50 1225 425 850 974 965 974 1060 1050 
5 55 62 50 1225 425 850 973 962 972 1060 1051 
10 55 62 50 1225 425 850 972 961 972 1060 1049 
15 55 62 50 1225 425 850 972 963 970 1060 1051 
20 55 62 50 1225 425 850 973 962 970 1060 1050 
25 55 62 50 1225 425 850 973 961 970 1060 1050 
30 55 62 50 1225 425 850 975 966 973 1060 1050 
35 55 62 50 1225 425 850 975 965 974 1060 1050 
40 55 62 50 1225 425 850 975 967 975 1060 1050 
45 55 62 50 1225 425 850 976 970 976 1060 1050 
50 55 62 50 1225 425 850 975 965 975 1060 1050 
55 55 62 50 1225 425 850 972 965 972 1060 1050 
60 55 62 50 1225 425 850 971 962 971 1060 1050 
Table A1.10 Readings taken during run 9 
Inlet gas TiC14 Gas flow rate Reactor terrperature, 0 c T.irre pressure bath 1 hrl Chart Digital 
mins. psi tenp 
'I'errperature controllers recorder thernnmeter 
N2 H2 oc N2 H2 H2(TiC14) 'Ibp Middle Bottom 
0 55 62 50 1700 610 1190 979 969 979 1062 1050 
5 55 62 50 1700 610 1190 976 969 976 1064 1050 
10 55 62 50 1700 610 1190 976 966 976 1064 1051 
15 55 62 50 1700 610 1190 976 966 976 1064 1049 
20 55 62 50 1700 610 1190 976 966 973 1062 1050 
25 55 62 50 1700 610 1190 980 970 976 1062 1050 
30 55 62 50 1700 610 1190 976 966 974 1062 1051 
35 55 62 50 1700 610 1190 975 965 975 1064 1050 
40 55 62 50 1700 610 1190 976 966 976 1062 1049 
45 55 62 50 1700 610 1190 984 975 981 1060 1049 
50 55 62 50 1700 610 1190 982 972 980 1062 1050 
55 55 62 50 1700 610 1190 983 973 980 1062 1050 
60 55 62 50 1700 610 1190 982 976 982 1062 1050 
Table Al.ll Readings taken during run 10 
Inlet gas TiC14 Gas flow rate Reactor temperature, 
0c 
Time pressure bath 1 hr1 Chart Digital 
mins. psi terrp Temperature controllers recorder thetm:Jmeter 
N2 H2 oc N2 H2 ~(TiC14 ) 'lbp Middle Bottom 
0 55 62 50 1775 1190 1535 1021 1021 1015 1050 1050 
5 55 62 49.5 1775 1190 1535 1021 1021 1015 1050 1050 
10 55 62 49.5 1775 1190 1535 1020 1020 1010 1050 1050 
15 55 62 50 1775 1190 1535 1021 1019 1010 1050 1050 
20 55 62 50.5 1775 1190 1535 1021 1019 1008 1050 1050 
25 55 62 50.5 1775 1190 1535 1020 1018 1005 1050 1050 
30 55 62 50 1775 1190 1535 1020 1016 1005 1050 1050 
35 55 62 49.5 1775 1190 1535 1020 1018 1005 1050 1050 
40 55 62 50 1775 1190 1535 1020 1018 1006 1050 1050 
45 55 62 50 1775 1190 2535 1018 1017 1004 1050 1050 
50 55 62 50.5 1775 1190 1535 1019 1016 1004 1050 1050 
55 55 62 50 1775 1190 1535 1021 1019 1006 1050 1050 
60 55 62 50 1775 1190 1535 1022 1020 1006 1050 1050 
Table A1.12 Readings taken during run 11 
Inlet gas TiCl4 Gas flow rate Reactor tenperature, °C 
Time pressure bath 1 hr1 Chart Digital 
mina. psi tenp Tenperature controllers recorder thenrometer 
N2 H2 oc N2 H2 H2(TiC14) 'Ibp Middle Bottom 
0 55 62 50 1775 1190 1535 1028 1022 1018 1050 1050 
5 55 62 50 1775 1190 1535 1027 1020 1016 1050 1050 
10 55 62 50 1775 1190 1535 1027 1017 1013 1050 1050 
15 55 62 50 1775 1190 1535 1027 1014 1013 1050 1050 
20 55 62 50 1775 1190 1535 1024 1014 1013 1050 1050 
25 55 62 50 1775 1190 1535 1022 1014 1010 1050 1050 
30 55 62 50 1775 1190 1535 1022 1013 1012 1050 1050 
34 55 62 50 1775 1190 1535 1022 1012 1010 1050 1050 
40 55 62 50 1775 1190 1535 1018 1011 1010 1050 1050 
45 55 62 50 1775 1190 1535 1017 1011 1011 1050 1050 
50 55 62 50 1775 1190 1535 1020 1013 1012 1050 1050 
Table A1. 13 Readings taken during nm 12 
Inlet gas TiC14 Gas flow rate Reactor tenperature, 0 c T.i.Ire pressure bath 1 hr1 Chart Digital 
mina. psi tenp Temperature controllers recorder thenrcrneter 
N2 H2 oc N2 H2 H2(TiC14) 'Ibp Middle Bottom 
0 55 62 49.5 2325 1300 1875 976 972 975 1020 1000 
5 55 62 49.5 2325 1300 1875 976 973 971 1020 1000 
10 55 62 50 2325 1300 1875 977 974 972 1020 999 
15 55 62 50.5 2325 1300 1875 978 973 970 1020 1000 
20 55 62 50 2325 1300 1875 979 974 969 1020 1001 
25 55 62 50 2325 1300 1875 978 972 967 1020 1000 
30 55 62 50 2325 1300 1875 978 972 967 1020 1000 
35 55 62 49.5 2325 1300 1875 978 972 967 1020 1000 
40 55 62 50 2325 1300 1875 978 972 967 1020 1000 
45 55 62 50 2325 1300 1875 978 972 967 1020 1000 
50 55 62 50 2325 1300 1875 978 972 967 1020 1000 
55 55 62 50 2325 1300 1875 979 974 969 1020 1000 
60 55 62 50 2325 1300 1875 980 974 969 1020 1000 
APPENDIX 2 
CALCULATION OF N2/TiCl4 MOLE RATIO FOR 
STANDARD DEPOSITION CONDITIONS COATING RUN 
A2.0 CALCULATION OF Nz/TiC1 4 MOLE RATIO FOR STANDARD DEPOSITION 
CONDITIONS COATING RUN 
As previously described in the introduction to Section 3.2, the mass 
of TiCl4 used during the standard depcsition =nditions run was 868g. 
The number of rroles of TiCl4 used is given, by: 
Mass of TiCl4 used 
Mass of one rrole of TiCl 
4 
Therefore number of rroles of TiCl4 used 
= -,--,.---;::-~8~6~8-=~=-----,;-,­(47.9 X l) + (35.453 X 4) 
= 4.575 rroles 
As specified in Table 3.2 and shown in Table Al.l, the N2 flow rate 
used during the standard depcsi tion =ndi tions run was 1775 1 hr -l, 
thus, for the one hour =ating period, 1775 litres of N2 were used. 
At standard temperature and pressure ( 273 .l5K, 1 atrrosphere), one rrole 
of an ideal gas occupies a volume of 22.414 litres. 
Using fonnula: 
where: P1 = standard pressure 
v1 = volume occupied by one rrole of ideal gas at standard 
temperature and pressure 
T1 = standard temperature 
P2 = CVD reactor pressure (1 atmosphere) 
v2 = volume occupied by one rrole of ideal gas at P2 and T2 
T2 = ambient temperature (293K) 
The volume occupied by one rrole of N2 at ambient temperature and CVD 
reactor pressure is: 
= 24.043 litres 
Since: 
Number of rroles of N2 used during one hour coating period = Volume of 
N2 gas used/Volume occupied by one rro1e of N2 at ambient temperature 
and CVD reactor pressure. 
Number of rro1es of N2 used during standard deposition conditions nm 
- 1775 
- 24.043 
= 73. 826 rro1es 
Therefore N2/TiC14 rro1e ratio for standard deposition conditions nm 
- 73.826 
- 4.575 
= 16.14 
APPENDIX 3 
CALCULATION OF Nz FLOW RATES REQUIRED 
TO GIVE DESIRED RANGE OF Nz/TiC14 MOLE RATIOS 
A3.0 O!LOJLATION OF Nz FLC1il RATES REQUIRED TO GIVE DESIRED RANGE OF 
Nz/TiCl4 MOLE RATIOS 
Example A3.1: Calculation of N2 Flow Rate Required to Give an 
N2/TiC14 Mole Ratio of 15 
If 900g of TiC14 is used during the one hour coating period, then, 
with reference to Appendix 2: 
- 900 Number of IIDles of TiC14 used- ( 47 _9 x l) + (35 _453 x 4 ) 
= 4.744 ~IDles 
Thus, to achieve an Nz/TiC14 IIDle ratio of 15, the rn.nnber of ~IDles of 
N2 which must be used during the one hour coating period is: 
15 x 4.744 = 71.16 IIDles 
With reference to Appendix 2, the volume of N2 gas which nrust be used: 
= 71.16 x 24.043 = 1710.9 litres 
Thus, N2 flow rate required to give an N2/TiC14 IIDle ratio of 15 
= 1710 1 hr-l 
APPENDIX 4 
INSERTS USED IN CUTTING TESTS; VARIATIONS IN 
MICROHARDNESS WITH DISTANCE FROM COATING/SUBSTRATE 
INTERFACE FOR TAPER-SECTIONED COATINGS 
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Figure A4.1 Variation in microhardness with distance from coating/substrate interface for large grain 
size TiN coating 
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Figure A4.2 Variation in microhardness with distance from the coating/substrate interface for small 
grain size TiN coating 
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Figure A4.3 Variation in microhardness with distance from coating/substrate interface for TiN coating 
on heat treated; coated insert from run 11. 
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Figure A4.4 Variation in microhardness with distance from coating/substrate interface for TiN coating 
on heat treated, coated insert from run 12 
1500 
N 
I ~1000 
g 
0 
0 80 
Distance from coating/substrate interface, ~m 
!igure A4.5 Variation in microhardness with distance from coating/substrate interface for TiN coating 
on another heat treated, coated insert from run 12 
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Figure A4.6 Variation in microhardness with distance from coating/substrate interface for 4 ~m thick 
TiN coating 
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Figure A4.7 Variation in microhardness with distance from coating/substrate interface for 6 ~m thick 
TiN coating 
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Figure A4.8 Variation in microhardness with distance from coating/substrate interface for 8 ~m thick TiN 
coating 
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